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- PREFACE

One of the most important tasks in rocket-engine theory is the calculation
of the parameters of their operating conditions, These parameters are
determined by the specific features of the engine design and the character-
istics of all engine components. Determination of parameters, especially
for engines of complex design, constitutes a fairly difficult task.

Although the rocket engines employed at the present time are highly diversified,
their operation is based on a number of identical processes., In connection
with this there exists much in common in the characteristics of engines,

even of different types, and correspondingly in the methods of calculating
these characteristics.

This book is a first attempt to present from a unified viewpoint methods of
analysis and calculation of the parameters and characteristics of steady~state
‘operating processes of rocket engines operating on liquid, solid and hybrid
fuels. The identical nature of the goals and methods of such an analysis
for engines of differing types is illustrated by presentation of the material
of its principal sections. At the same time there of course also exist (and
this is reflected in the book) features of calculation of parameters which are
specific for each type of engine, This is connected with differences in the
design and operating conditions of different engines, as well as the fact

that methods of calculating parameters were elaborated separately for each
type of engine.

Calculation of the parameters and characteristics of a rocket engine is
based on the points of theory of calculation of the components and elements
comprising an engine. It is assumed that the reader is acquainted with
these points, and therefore they are presented in brief and only where this
is necessary in order to elucidate the specific features of solving the main
problem -- determination of the parameters of an entire engine as a whole,

The quantities and their numerical values characterizing engines are in con-
formity with the International system of units (SI). Parameters and engine
design layouts are based on published foreign materials.

Section III was written by Ye. B, Volkov, Section I by T. A. Syritsyn, and
Section II by G. Yu. Mazing.

5
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

The authors would like to express their thanks to Doctor of Technical Seci-
ences Professor M, F. Dyunze for his valuable comments made on editing this
book, and they would like to express thanks in advance to the readers for

critical comments on the substance and method of presentation of the
materials.

Please send all comments and remarks in care of the following address:
Moscow, B-78, Pervyy Basmannyy pereulok, 3, izdatel'stvo Mashinostroyeniye.

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

Section I, STATIC CHARACTERISTICS OF LIQUID-PROPELLANT
‘ ROCKET MOTORS

Chapter 1. GENERAL DESCRIPTION OF MOTORS

1.1. Classification and Designsof Liquid Propellant Rocket Motors

ZhRD, that 1is, engines burning liquid rocket fuel, are widely utilized today
in rockets and space hardware.

In the general case a ZhRD consists of the following:

a combustion chamber, in which fuel or gas generation products are
transformed as a result of chemical reactions into combustion products, which
generate a reaction force when escaping from the nozzle;

a supply system, which includes that equipment which feeds the propellant
components from the Storage tanks to the combustion chamber;

automatic control equipment -- those devices which control engine
operation, adjustment and servicing operations,

Liquid-propellant rocket motors or engines are components of the propulsion
system,

A propulsion system contains one or several ZhRD, propellant tanks, units
for producing tank pressure, fuel and oxidizer lines from tanks to engines,
and auxiliary devices.

A detailed classification of motors based on various attributes can be
found in [1].

Rocket engines are subdivided into two groups by type of propellant feed: ZhRD
with gas pressurization feed, and ZhRD with pumped feed.

In a ZhRD with a gas pressurization system, the fuel components are fed to
the combustion chamber by expulsion from the propellant storage tanks by
gases the pressure of which exceeds pressure in the combustion chamber.

Figure 1.1 contains a diagram of a ZhRD with a gas pressurization supply
system.
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Figure 1.1. Diagram of ZhRD With a Gas Pressurization Supply System

Key:
1. Combustion chamber 4, Pressure reducer
2, Shutoff valves 5. Compressed-gas tank
3. Tanks containing propellant

ccmponents

1

The supply system contains a compressed-gas tank or pressure accumulator and
automatic control devices ensuring a specified pressure in the tank. The
source of gas providing the requisite pressure in the tanks can be compressed-
gas tanks -- a gas pressure accumulator (GAD) , a liquid-reactant gas generator,
ZhAD), or a gas generator with a solid fuel charge -- a solid-reactant gas
generator (PAD), Compressed-gas pressure accumulators are extensively
utilized due to their simplicity of design, operating process and high degree
of reliability., Propellant is fed from the tanks to the combustion chamber

by pressure drop
Pe—Px > 0.

The requisite pressure in the tank is determined Efom the relation

Ps=Px+ Y, Ap, — nHp,

where Apj -- hydraulic resistance of the lines, valves, cooling jacket and in-
jectors; nHp -- hydrostatic pressure of the column of 1liquid; n -~ calculated
1xial load factor,

An advantage of this method of propellant feed over a pumped system lies in a
comparative design simplicity. But at the same time employment of a gas
pressurization supply system results in heavier tanks, since they must stand
up to internal pressure exceeding pressure in the combustion chamber
ps/pPK=1.3-1.7.

8
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A volume of propellant which is approximately equal to the volume of the
tanks 1s determined by relation

Pr
Vo 1) (1.1

where P -- engine thrust; Tp == operation time; Iy -~ gpecific thrust impulse;
pr == propellant density.

Consequently, with increase in thrust impulse (Ptp) there is an increase in
volume of propellant, mass of propellant tanks, and the required quantity of
gas to drive the combustibles from the tanks into the combustion chamber.
Figure 1,2 shows relation t=t(P), for which specific engine mass

(myy = M/P, My  —- mass of primed engine) is identical with a gas

pressurization and pump-fed system, Therefore motors with a gas pressurization
supply system can compete successfully with motors with a pump supply system
only with modest thrust impulses.

T,¢
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Figure 1.2. Areas of Application of ZhRD With a Pump and Gas Pressuriza-
tion Fuel Feed System

Key:
A -- pump system B -~ Gas pressurization system

In motors with a gas pressurization supply system, pressure in the com-
bustion chamber does not exceed 2,0-3.0 MPa, At the same time we know that
for a given fuel the specific thrust impulse can be increased only by in-
creasing the ratio of nozzle expansion. With limited pk, a value greater
than this can be obtained only by reducing pz. In connection with this,
motors with a gas pressurization supply system can be employed for operation
in a vacuum (when p, can be reduced) and in cases where large thrust im-
pulses are not required,

Motors with a gas pressurization supply system are employed for the follow-

ing: course correction and attitude change, docking and undocking space-
craft, and less frequently as propulsion motors for upper rocket stages.
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In ZhRD with a pump supply system, combustibles are fed by pumps from the
tanks to the combustion chamber, Tank pressure in these motors 1s insig-
nificant, ensuring tank stability and cavitationless pump operation,

ZhRD with a pump supply system are subdivided into two groups on the basis
of utilization of working substance: ZhRD without afterburning of gas
generation products in the combustion chamber, and ZhRD with afterburning
of generator gas in the combustion chamber,

Figure 1.3 contains a block diagram of a motor without afterburning of
generator gas.

Figure 1.3, Diagram of ZhRD Without Afterburning of Generator Gas

Key:
1. GCas generator 4, Oxidizer pump
2. Turbine 5. Combustion chamber
3. Fuel pump 6. Automatic control devices

7. Exhaust nozzle

In these motors generator gas, after passing through the turbine, is
exhausted externally. In view of the fact that the turbines are not
cooled, the generator gas temperature is low and the gas which is ejected
fnto the atmosphere past the turbine possesses unexpended energy. With a
pressure increase in the combustion chamber, there is an increase in
~equired turbine output and generator gas consumption, which in turn leads
Lo a loss in the specific impulse produced by the combustion chamber and
exhaust nozzles. Therefore motors without afterburning of generator gas
have an optimal size py, exceeding of which results in a decrease in
specific impulse. Actual values p, for motors without generator gas after-
burning range between 5.0 and 15 MPa.
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ZhRD with afterburning of generator gas make it possible more fully to
utilize fuel energy to obtain specific impulse, 8ince in this instance
the entire fuel, with an optimal ratio of components, is fed into the
combustion chamber,
Motors with afterburning of generator gas are subdivided into three types:
ZhRD with afterburning of oxidizing generator gas;
ZhRD with afterburning of reducing generator gas;
ZhRD with two gas generators.
In the first two arrangements gas generator gas and a liquid component are
fed into the combustion chamber, and therefore such motor arrangements are
designated G-L.

In motors with two gas generators, gas generator gases are fed into the
combustion chamber, and therefore they are designated G-G,

Figure 1.4 contains a block diagram of a G-L motor with oxidizing gas
generator.,

Figure 1,4, Diagram of ZhRD With Afterburning of Oxidizing Generator Gas

Key:
1. Gas generator 4, Oxidizer pump
- 2, Turbine 5. Pressure chamber
3. Fugl pump 6. Automatic control components
7. Gas line

In motors with an oxidizing gas generator, the entire oxidizer is fed into
the gas generator, bypassing the combustion chamber. The greater part of the

11
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fuel is fed into the combustion chamber, with a lesser amount being fed
into the gas generator., In motors with afterburning of reducing gas, the
entire fuel and a portion of the oxidizer is fed to the gas generator.

Gasification of fuel takes place in the gas generator with a»»l or a<<l,
After the generator gas is applied to the turbine, it passes into the com-
bustion chamber, where there occurs fuel mixing with the liquid component
and combustion with axl,

Figure 1.5 contains a block diagram of a motor operating on a G-G arrange=-
ment,

1.5. Diagram of G-G ZhRD

Key:
1, Gas generator for driving 5, Gas generator for driving
turbine oxidizer pump turbine
2, Fuel pump-drive turbine 6., Oxidizer pump-drive turbine
3. Fuel pump 7. Oxidizer pump
4, Reducing generator gas line 8. Oxidizing generator gas line

9. Combustion chamber

.

The propellant components are fed.to the combustion chamber by two independent
turbopump units, each of which has a gas generator., This arrangement makes

tt possible to select an optimal pump rpm and to reduce the weight of the
supply system,

Motors with afterburning and generator gas, due to the absence of losses in
the specific impulse with ejection of generator gas, which possesses con-
siderable energy, make it possible substantially to increase py and thus to
increase engine economy.

12
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With a pressure increase in the combustion chamber, however, the mass of
supply system components increases substantially, and difficulties arise in
providing reliable cooling and in obtaining seals.

In addition, motors with afterburning of generator gas are more complex
than those without afterburning, due to substantial pressures in the equip-
ment and the presence of a gas feed line batween turbine and combustion
chamber, and they have a high specific mass. Therefore in selecting a
generator gas motor arrangement (motor with or without afterburning), it

is essential to proceed from the purpose and efficlency of motor employment
onh the vehicle to be propelled.

Rocket velocity at the end of the powered segment of flight is determined
with the relation

n
Ux = 4§ Iy1n py; = Av, (1.2)

where W= MJM M, — M, =M, M, -~ rocket launching mass; My --

mass of structure; Av, -- total velocity losses caused by the gravitational
attraction of the earth, air resistance and other factors; Avn/vk-0.18-0.27;
{ == number of rocket stages; M, == propellant mass,

Equation (1.2) in differential form appears as follows:

du _dly My My (1.3)
[ Iy M‘ 'MT. lnmﬁ- . )
1 ]

The engine mass 1s a component part of the mass of the structure, and there-
fore equality dMy=dM, applies., For a given velocity (distance of flight)
vig=const, equation (1.3) can be written as follows:

dMa _  Mupe dly
T = WGy Ty P (1.4)

This last equation determines equivalent change in engine mass and specific
thrust impulse,

If the relative change in specific impulse is 0,01, the equivalent change in
engine mass is

dM, ’ M
JLL i
Ma 0,01 Mt =T) In pye.
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For contemporary values of p, and Mk/M, an increase in specific impulse by
1% in influence on vi or range 1s equivalent to reducing engine mass by
10~-15%,

Thus it is not enough to estimate the degree of ideality of a motor solely
on the basis of specific impulse or engine mass; one must examine the
sggregate of their influence on a rocket's characteristics,

In the assumption that thrust-to-weight coefficient w is optimal, with
equation (1.4) one can determine the equivalent change in engine mass for
the first and second rocket stages in relation to stage thrust,

Calculations have shown that for first and second stage motors, there is an
increase in the value of the engine mass equivalent with an increase in
stage thrust,

For second stage motors, however, the engine mass equivalent is less than
for first stage engines, Therefore any measures for first-stage engines
which promote an increase in specific impulse are expedient, even with an
increase in engine mass.,

For rocket upper-stage motors the expediency of such measures should be
evaluated taking into account change in mass. Proceeding from the above,
we can state that advisable for the first rocket stages, especially if
high thrusts are required, is employment of engines with afterburning,

- since such engines make it possible substantially to boost I, in spite of
a certain increase in mass in comparison with engines without afterburning.

For rocket upper-stage motors, with small thrust values, specific impulse
losses connected with cooling, greater complexity of design and increased
mass in comparison with motors without afterburning are not always com-

1 pensated by gain in specific impulse, In addition, in rocket upper-stage
motors high degrees of expansion of gases in the nozzle (high specific
thvust impulses) can be obtained for small py, which is characteristic of
motors without afterburning. Therefore in some instances it is advisable
to employ motors without generator gas afterburning for rocket final stages.

Selection of an engine. arrangement with generator gas afterburning is
determined by the energy potential of the given layout, magnitude of thrust,
and other parameters,

Without going into detail for the present on the energy potential of engine
)ayouts, we shall perform a qualitative comparison of different arrangements.,

All other conditions being equal, it is desirable to have a high generator
gas temperature., At the same time the maximum generator gas temperature is
limited by the heat resistance of the material of which the turbine blading
components are made, and for oxidizing gas comprises 1,000°K, and for
reducing gas 1,300-1,400°K. When high-boiling components are employed as
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fucl (NDMG, alecohol, cte), Lt is advisable to employ oxidizing afterburning,
This is due to the fact that generator gas temperature in this arrangement
is lower and the gasification products do not contain soot resins, which
can foul turbine blading and alter characteristics.

A motor with oxidizing gas afterburning weighs less than with reducing gas
afterburning due to the absence of additional cooling manifolds and the
small size of controls mounted in the fuel gas generator line,

It is not advisable to employ motors with a reducing gas generator when
low-boiling components (hydrogen, etc) are employed as fuel, since in this
instance with equal py there can be lower pressures beyond the pumps.

If engine shutdown takes place in two stages, and the second stage operates
on a gas generator arrangement, in order to obtain high final stage specific
thrust impulse it is advisable to employ a reducing arrangement, since

(RT) 5> (RT) oks

1.2, Engine Characteristics
1.2,1, Classification of Characteristics

The relationship between thrust and specific thrust impulse and the principal
factors which change under operating conditions are called engine character-
istiecs.

The most important factors which change in the process of operation are ambient
pressure and consumption of propellant components. During a rocket's flight
there occurs change in the altitude at which the engine operates, Ambient
pressure changes in conformity with change in altitude. Relation py=py(H) is
based on standard atmosphere figures. Calculations indicate that if one
employs International Standard Atmosphere (ISA) tables, one can assume Py=0 at
altitudes greater than 30 km, This assumption produces an error of less than
4z,

The dependerice of thrust and specific impulse on ambient pressure, with con-
stant fuel consumption and ratio of propellant components, is called al-
titude characteristic.

During engine operation there occurs change in operating conditions due to
change in consumption of propellant components,

The relationship between thrust and specific impulse on the one hand and

propellant consumption on the other, with a specified ratio of propellant
components, is called throttle charateristic.

In the general case thrust and specific thrust impulse are dependent not

only on consumption and ambient pressure but also on many other factors
as well. These relationships will be examined in subsequent chapters.,
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Ore differentistos between combustion chamber characteristics and character=-
latics of the engine as a whole. If in an engine the entire propellant
supply is processed into combustion products and is ejected into the en~
vironment only through the combustion chamber (motors with a gas pressuriza-
tion supply system and motors with generator gas afterburning), the al-
titude and throttle characteristica of the combustion chamber will also

be engine characteristics,

Initial relations needed for constructing characteristics include equations
of specific thrust impulse

,y=‘Pl’y.n"ﬁ& , (1.6)
m
and thrust
; P =gyl y, ot — Fopy, (1.6)

where ¢p == coefficient of completeness of specific thrust impulse; Iy.n -
theoretical value of specific thrust impulse in a vacuum;

1wn=="h'+'!iﬁli F, == nozzle throat area; wa -- velocity of outflow of
m combustion products from the nozzle,

For F =const quantities Iy and ¢p can be assumed constant for all conditions,
and error will not exceed 3%,

1.2,2, Combustion Chamber Characteristics

Altitude characteristic., The term "altitude characteristic" came about dur-
ing the operation of the first rockets, which were launched from the ground
and reached a certain altitude., At the present time flying vehicles, in-
cluding rockets, are launched not only from the ground but also under
water (the Polaris missile), from a specific altitude in the atmosphere, and
from other planets. Therefore, while retaining the traditional term al-

- titude characteristic, we shall examine change in combustion chamber para-
mters in relation not to altitude of flight but rather ambient pressure.
It follows from cquations (1.5) and (1.6) that with supersonic flow of gas
1u a rocket no.zle, when exhaust velocity w, is indepnndent of external
conditions, specific i{mpulse and thrust are linearly dependent on ambient
pressure and decrease with an increase in py.

F'gure L.6 shows relation Iy=fj(py) and P=fy(py). When pressure at the
nozzle exit is less than amgient pressure, a compression wave may form in
the nozzle, and the linear relationship between thrust and speciiic impulse
on the one hand and py on the other will be disrupted. When the shock
wave enters the nozzle the thrust taken from the inner duct of tl.e com
bustion chamber begins to increase, and intensity of thrust reduction
decreases with an increase in py. The nature of change in altitude
characteristic during nozzle operation with a shock wave is accompanied by
a pattern of shock wave movement into the nozzle.

- 16
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Figure 1.6, Relationship Between Thrust and Specific Thrust Impulse, and
Ambient Pressure

In Figure 1.6 the dashed line shows the character of altitude characteristic
change with nozzle exhaust without a shock wave, while the solid line shows
the altitude characteristic for shock-wave flow with PH"Pcke Shock-wave con-
ditions are observed in first-stage rocket engines, pressure at the nozzle
exit of which is fairly low from the condition of obtaining mean maximum
specific impulse in the powered segment of flight (pg=0.5 MPa).

During operation at low altitudes ambient pressure is sufficient for the
shock wave to enter deep into the nozzle. It follows from the above that
calculation of specific impulse and thrust in a vacuum, based on the "
results of ground tests, with the presence of a shock wave, cannot be per-
formed with the normal formulas, since in this case one would be determining
thrust and specific impulse not in a vacuum but with specifiec back pressure,

In order to determine the altitude characteristic, engines must be tested on
special test beds which make it possible to establish the required degree of
vacuum at the nozzle, preventing operation under shock-wave conditions.

It is convenient to examine the altitude characteristic in relative quanti-
ties
6P-=s P“_I. =F—frpﬁ;

P, n

oy 2oty | Fopa
I"n [,.n"l

One readily notes that relative changes in thrust and specific impulse are
identical, We shall transform relations 6P and GIy by substituting
m-kakp/B, and we obtain

Icp
6P=5”=7’f—nplpm (1-7)
where )
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f Fa_, ﬂu.'L;m;

c“ﬁ;' .
bV (e

n =- combustion products expansion polytropic curve indicator. When examin=-
ing engine characteristics one ignores the relationship between specific
pressure impulse B and combustion chamber pressure, This assumption is
equivalent to assuming independence of dissociation of combustion products
from pressure, This assumption is not rough within a narrow range of

change of pi. The effect of the influence of py on B also diminishes due

to the fact that with a change in py temperature Tk and gas constant R of the
combustion products change in opposite directions and approximately to an
identical degree, that is, RTyff(py).

Figures 1,7 and 1.8 show relations 8P =8P (fn Pv) for a given
ambient pressure,

It follows from an analysis of the graphs (figures 1.7 and 1.8) that P
increases for combustion chambers with a greater degree of nozzle expansion,
while when f.=const -~ at reduced operating conditions, that is, with
reduced pressure values in the combustion chamber,

o”

Figure 1.7, Relationship Between 6P and Degree of Nozzle Expansion
Pk1<Pk2<Pk3

‘(hrottle characteristics are plotted in relation to flow rate or pressure
in the combustion chamber,

Since e Fup Par » when ka-const, ti=cpy and the type of

characteristics P(p,) and P(m) is identical,
they can be differentiated only by scale.

18
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

(/4

M

Figure 1.8, Relationship Between SP and Pressure in Combustion Chamber
fep>fep>fey

Let us examine the throttle characteristics for two conditions of motor
utilization py=0 (vacuum) and py at altitude. Thrust in a vacuum is deter-
mined by the relation

Py= W’;‘wa'l'papc- : (1.8)
Thrust at altitude
P=Pn—F¢p"c (I‘g)

With a change in Pxs Pressure at nozzle exit py also changes proportionally,
and therefore quantity F,/Fip, which determines ratio p,/py,, remains un-
changed, Therefore with an gncrease in pressure, as was ingicated above,
RTk and exhaust velocity w, do not change, Consequently, following sub-
stitution in equation (1.8§ of relation h=cpy, we obtain

Pn=cppm N (1.10)
where
. c,=<pcw,+-t-‘"l; n=%:.,

It follows from equation (1.10) that thrust in a vacuum is linearly
dependent on py.

Thrust at arbitrary altitude P=c Pk-Fypy also changes proportionally to
pressure in the combustion chamber, differing from thrust in a vacuum only
by constant (for conditions of comparison) negative term Faby.

Specific thrust impulse in a vacuum is Py
ly.nm= =t (L1
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After substituting in equation (1,11) relations (1,10) and tmcpy, we obtain

1y,

¢,
n =~ == const, -

Consequently, specific thrust impulse in a vacuum is independent of pres-
sure in the combustion chamber (flow rate).

Specific thrust impulse

Iymly,—20 (1.12)

with a pressure change in the combustion chamber varies in a more complex
manner (hyperbolic relation).

Fau
CPx
When pk+0 this difference also approaches zero, and when pyse the specific
thrust impulse asymptotically approaches specific thrust impulse in a
vacuum,

The difference between Iy.n and Iy is equal to and depends ‘on py.

2

7" Premin ]

~laby

Figure 1,9. Throttle Characteristic Curve of a Combustion Chamber

Figure 1,9 shows a throttle characteristic curve of a combustion chamber,

Tae tangent of the angle of inclination of straight lines P(py) and Pn(py)
13 identical and equal to specific thrust impulse in a vacuum. Point

(p=0, P--FaPn) is formal and necessary only in order to plot the character-
istic curve,

The combustion chamber when px=0 does not generate thrust, let alone negative.
This is due to the fact that relations (1.5) and (1.6) are correct only for
a certain region of change of px. Beginning with a certain value pk, min
when pk<Pk, min» Supercritical nonimpact gas flow conditions in the nozzle
20
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nre replaced by Impact conditions, and the above relations are not applicable,
Pk, mlF depends on amhient pressure and is determined by the approximate
5]

ratio
P, miy 2
N el — .
;.3{1-———-1-21 '3.2)

In addition, as a consequence of a decreased py there is a decrease in pressure
drop on the injectors, the quality of fuel mixing worsens, and the normal
process of combustion is disturbed. All this leads to a situation where with
combustion chamber pressures of O<py<pk, min, characteristic curve P(p,) and
Iy(pk) becomes curvilinear; it is depicted as a dashed line in Figure 1.9.

Dependence P on pg when pg<pk, min 1S approximately determined by equation
(1] .
a
2 \a=T, AT Y
h P (r) " B (V54 52T ),
where

Actually Iy,n is determined by pressure in the combustion chamber, since
completeness of combustion and the degree of dissociation of combustion
products change somewhat with a change in px. As a rule, Iy, increases
slightly with an increase in py, and therefore relations P(pk? and Pn(pk) are
not strictly linear,

However, if the range of change of py is small, which occurs during engine
- operation, it is entirely permissible to utilize linear relations.

1.3. Characteristics of an Engine Without Generator Gas Afterburning

The specific thrust impulse of a combustion chamber is determined by relation
(1.12).

With a given pressure at nozzle exit pa=const, with an increase in py the
specific thrust impulse initially increases intensively due to a decrease in
pa/pk, while subsequently in the region of large py values intensity of
growth of Iy k declines, At the extreme, when py g, specific thrust impulse
approaches its maximum value

2% RT,,

Iy, max= } %=1
determined by propellant energy.

In a motor without generator gas afterburning, the bulk of the propellant is
utilized in the combustion chamber and a smaller portion in the turbine

21
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nozzles. In this case engine thrust contains two components: combustion
chamber thrust Pi and turbine nozzle thrust Py o,

P=PictPg . (1.13)

Engine specific thrust impulse

Iyt + Iy, o, e
l=-rP—= ykx+.yoco.e
Y omg my

(L

where

”.‘l: = ’.”n 'l";‘o.c;
Iy,0.c == specific thrust impulse of the turbine exhaust nozzle.

Following simple transformations, relation (1.14) can be reduced to the

form
Iy= 1y« (1 =), (1.18)
Mo, ¢ Iy.o.c
where e,==-:;:' | g Tyx ) — coefficient of losses of specific

thrust impulse in the supply system.
For an engine with generator gas afterburning, g, =0, eI=0 and Iy=Iy.k.

Uncooled turbines are employed in ZhRD, and therefore temperature in the gas
generator is limited to a value guaranteeing heat resistance of the moving
blades, Trrgl300 K.

In order to obtain such a comparatively low temperature, fuel is fed into
the gas generator with a component ratio coefficient differing greatly from
stoichiometric. In connection with this, gas containing a considerable
energy reserve emerges from the turbine exhaust nozzle. :

Consequently the specific thrust impulse of the turbine exhaust nozzles is
considerably less than combustion chamber specific impulse Iy,o,c/Iy.k=0.3—0.b.
Tne specific impulse of the turbine exhaust nozzles is independent of

pressure in the combustion chamber.

Fuel flow rate through the turbine exhaust nozzles is determined by the
turbine's required output, and can be determined from an outputs balance
equation

” = Pu.oxfftox_ | Pu. p
Mo eNya= e T (1.16)

where Nygq == turbine specific power,

Gas generator fuel consumption in engines without generator gas afterburning
comprises 2-8% of total consumption, and therefore one can assume that
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turbine power is determined by the pump output required to feed propellant
components only into the combustion chamber,

Then pressure beyond the pumps is determined by the parameters of the com-
bustion chamber oxidizer and fuel systems

Pu = Pe =+ §ymj, (1.17)
where £y =-- coefficlent of hydraulic resistance of the propellant component

line from pump to combustion chamber, Substituting (1,17) in (1.16) taking
into account

. N Y . ‘ . 1] .
f = 3 0 =y K= o and m=T"*v P
we obtain . .
Mo, ¢ - )
iy Q1P AP : (1.18)
] K 1
Qy = " .
where YU E ) ("ln-oupou 1 M. tfr )'

_ R Lok &
5= T K+ PP (_—Tlu.oxl’_ox + .p.-)‘

Thus in an engine without generator gas afterburning, with an increase in
pk there is an increase in Iy k, but
d’y,x

p,].lT'Tp,_ =0 lyoc

does not change; ey increases due to an increase i.n req‘uired turbine power.
As a result of the aggregate influence of pj and m,,.,/hz on Iy, engine
specific thrust impulse changes with an increase in combustion” chamber
pressure following the curve shown in Figure 1.10. For a propulsion system
without generator gas afterburning, there occurs an optimal pressure value

in the combustion chamber at which one can obtain maximum specific thrust im-
pulse,

¢
Y/ 10

|
Px.onr Pn

Figure 1.10. Relationship Between Specific Thrust Impulse and Pressure in
Combustion Chamber

23
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

As a consequence of losses of specific thrust impulse in the supbly system,
the throttle characteristic of an engine without generator gas afterburning
differs from the throttle characteristic of the combustion chamber.

s As an illustration we shall examine the throttle characteristic of an en-
- gine in a vacuum,

Turbine exhaust nozzle thrust is
Po.c = ly,o. Moy (1.19)

whereby Iy o,c#f(pk), while fuel flow rate through the turbine nozzles
depends on pg. From (1.18) it 1s not difficult to show

o, o = byP% - byp. (1.20)

In conformity with equations (1,10, 1,13, 1,19), a motor's throttle
characteristics can be described by relation

P o= ep b o+ by LLoooua
which is shown in Figure 1,11,

4 5

£\

M

Figure 1.11, Dependence of Thrust of Combustion Chamber, Turbine Nozzles
and Engine on Pressure in Combustion Chamber ‘

The relation for specific engine thrust impulse (1.15) can be reduced to
the form

"Yuiy-l(l—‘l?"&)‘*'m"y.o.c- (1.22)
mg me .

It follows from an analysis of relation (1.22) that when

px - 00, e,y and Iyd Iy o co
mg
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Figure 1,12 shows relation I,=I(py).

/]

Figure 1,12, Dependence of Specific Thrust Impulse of Combustion Chamber,
Turbine Nozzles and Engine on Pressure in Combustion Chamber

Analysis of the throttle characteristics of an engine without generator

gas afterburning indicates that the role of turbine nozzles in determining
thrust characteristics increases with an increase in pressure in the com-
bustion chamber. Therefore during throttling and control of engines without
generator gas afterburning, it is necessary to take into account change in
thrust and specific thrust impulse of the turbine nozzles.

1.4, Optimal Pressure in Combustion Chamber of Engine With Gas Pressuriza-
tion Supply System

Specific thrust impulse increases with an increase in pressure in the com~
bustion chamber; the mass of the supply system increases at the same time.
As a criterion of efficiency of an engine with a gas pressurization supply
system, one can employ the ratio of total thrust impulse to launch weight

I=13/Mg. If we consider that MT-hrp, while P=mI,, total thrust impulse is
determined by relation

Ip=1I,M,, (1.23)
where My -~ mass of fuel on board, not counting reserve,

If we divide equation (1.23) by the launch weight and take into account cor-

relation
M, = My— M, = MJIM, we obtain
T=1,(1 --“'7) . (1.24)

It follows from equation (1.24) that criterion I is equivalent to velocity
at the end of the powered segment of flight, since it is determined by the
same quantities Iy and ug. At the extreme, when
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pﬂ =00, [_. Iy’

that is, specific thrust impulse is the theoratical limit of criterion i
with specified propellant. It is convenient to utilize the following
criterion for estimating engine efficiency:

T = 1g/Mp

In order to investigate relation (1,23) it is necessary to have engine
equipment mass equations.

Engine mass

My= My, x -+ Me,n - My, (1.25)

where My, 4 =-- mass of combustion chamber; M, , -- mass of supply system;
Mp == mass of propellant,

Now
: Me.n- M6+ Mu.n+ Mupm

where Mg--~ mass of tanks; Mg g -- mass of compressed-gas tank; Mapm -
mass of fittings and accessories.

From equation (1.25) we shall determine propellant mass
or Mr"'Ma"Mc.n“Mma
=1t — 2, (1.26)

1f we multiply the right and left sides of expression (1.25) by Iy we shall
obtain efficiency criterion equation

Te=1y(1 = me, 0 — my, ) (1.27)

where mq  and m j -- relative masses of supply system and combustion
chanber,

The mass of the combustion chamber depends on thrust and pressure in the
combustion chamber,

With an increase in pressure in the combustion chamber, with specified
pressure at the nozzle exit, combustion chamber volume decreases, while

no :zle geometric dimensions increase, At the same time, due to an increase
in the load operating on the chamber structure, its mass increases as a
consequence of increased wall thickness,

It is difficult to obtain an analytical relationship between combustion
chamber mass and py with an adequate degree of accuracy. This relationship
can be obtained approximately as a result of processing mass data on exist-
ing combustion chambers,
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One can write the following relationship in general form:
l My, g =20+ oy, i (1.28)

where ¢ and ¢ are static coefficients which are determined by engine
thrust, all other conditions being equal,

The mass of the tanks also depends on thrust and pressure in the combustion
chamber, Spherical tanks are often employed in spacecraft motors, which
commonly employ a gas pressurization supply system,

The mass of a apherical tank is determined as follows:

Mg = nd*8py, (1.29)

where d == tank diameter; ®=-- wall thickness; fn == density of wall
material,

Tank wall thickness is

auk%, (1.30)
where k == reserve strength factor; ¢ =- tensile strength; pg=kqp1,
M@.’L“J_:%'&&. ' (1.31)

Expressing tank diameter by volume
3/ Ve F
de= }/-Fno; VG"'EE}pM7P

and substituting value d in expression (1,31), we obtain
. Mg = cspat,, (1.32)
where Fuppu
Cg= l"Skk‘TEPT.
In like manner we can determine the mass of the compressed-;jas tank [14]
M...=cw.’.'rp. (1.33)

The mass of fittings and accessories, which include valves, controls, as-
sembly components, lines, and other design components, also depends on py,
but this relation is small and can be ignored.

Substituting expressions (1.28), (1.32) and (1.33) in equation (1.27), we ob-
tain -
I'=f,(p) (1 = f1(p) — Fs (P, (1.34)

where

hip)= Iy kK(p)= mc.n:. Fs(pa) = My, 5
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If functions Fa ey Fa(padi fa (P are specified analytically, by dif-
ferentiating equation (1.34) by Pgs we can find pyp opqry Whereby I reaches
its maximum value, that is, we can solve equation 317dpk-0 relative to pk.

Analytical relation (1.34) turns out complex, and it is solved graphically,
utilizing semiempirical mass correlations, Since equation (1.34) presup=
poses an awkward operation -- multiplication of graphic relations, by taking
the logarithm of (1.34), we can proceed with plotting logarithmic curves

Ig7 = 1gfi(p) + g A
where A=1-f3(py)-f3(p,). Quantity A, with py changing from zero to infinity,
is found within limits O¢A¢l and 1g A is a negative quantity,

171
by

. 4l

Prorr I
oA

-

Figure 1,13. Relationship Between Engine Efficiency Indicator and Pressure
in Combustion Chamber

Figure 1.13 shows qualitative relation lg f-f(pk). With an increase in py
srecific thrust impulse initially increases very intensively and much more
than covers losses T due to an increase in engine mass. As pp increases,
irtensity of goth of I,, decreases, and with a certain value Pk, ont 8rowth
in Iy fails to compensate for decrease in propellant mass due to increase
in engine mass, and I begins to fall off, Consequently only with value
Pk, onr does there occur maximum engine efficiency I and its equivalent
maximum vehicle velocity at the end of the powered segment of flight,

1.5, Limiting Combustion Chamber Pressures in an Engine With Generator
Gas Afterburning

1.5.1. Energy Capabilities of Engines
In engines designed for rocket first stages, optimal pressure at nozzle

exit p, with variable external pressure comprises 0,04-0,07 MPa. Therefore
in order to increase specific thrust impulse one must have maximum possible
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pressure in the combustion chamber, Engine mass increases with an increase
in pg. However, as was indicated above, for first rocket stages increase in
engine mass exerts little influence on decrease in rocket terminal velocity
and a significant influence on increase in gpecific thrust impulse. However,
the magnitude of preassure in the combustion chamber of engines with generator
gas afterburning is limited by the energy capabilities of the engine design,

Engines with generator gas afterburning, in comparison with other ZhRD, are
characterized by a deeper interrelationship of equipment (combustion chamber,
pumps, turbines and gas generators) parameters, which is realized through an
energy balance equation which characterizes equality of utilized and available
output in the supply system,

This equation includes all prineipal engine parameters -~ combustion chamber
pressure, turbine gas temperature and pressure ratio, hydraulic resistances
of lines, etc.

Utilized power includes power expended on driving main, auxiliary and
booster pumps, as well as power used to drive propulsion unit power systems,

Available power is power taken from the turbines, 1In the general case both
utilized and available power is determined by pressure developed by the
pumps, combustion chamber pressure, temperature and composition of gases in
the turbine, turbine pressure ratio, and efficiency of pumps and turbines.
Following is an engine power balance equation:

N,= lelv “'35)
where Np =- turbine available power; Ngj ~-- consumed power by j pump.

Turbine output —t
N,=r'nm,-,.-ﬁ—,(RT)rr[l — (L) ] (1.36)

where Puyn Pax == pressures at turbine exit and intake respectively;
my (Pag— po)) 1.37
an f].lpl * ( ' )

We shall examine engine power capabilities, that is, the conditions of
fulfillment of equality (1.35).

With an increase in combustion chamber pressure, pressure beyond the pumps
increases, that is, power consumed by the pumps increases. In order to
simplify the problem we assume constant fuel flow rate through the com-
bustion chamber. Change in py is obtained by change in the nozzle throat
area. With variable flow rate through the combustion chamber, the qualita-
tive interrelationship of parameters will remain unchanged,

29

FOR OFFICIAL USE ONLY .

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

It follows from equation (1,36) that with a specified y; , an increase in
turbine output can be obtained by increasing consumption #yp, quantity
(RT)rr and turbine pressure ratio pyy,/ppys. However, quantity (RT)rp
for a specified propellant, which is determinad by allowable gas tempera=
ture, selected from the condition of heat resistance of working blades,
remains practically constant,

Flow rate through the turbine dy 18 also a constant quantity for the
given engine design, since one of the components goes entirely into the gas
generator, while tha ratio of components is determined by the allowable gas
temparature, :

Consequently with an increase in py, it 18 necessary to increase the turbine
pressure ratio in order to increase turbine power.

*

Figure 1,14, Relationship Between Turbine-Pump Unit Power, Combustion
Chamber Pressure and Turbine Pressure Ratio

Figure 1.14 shows the character of change in turbine power and pump output

at various combustion chamber pressures. Point A; of intersection of curve
Nj, at pg, with turbine available power curve Ny ghws the value of turbine
pressure“ratfo My With a further increase in pj, turbine power and pressure
ratio increase Trespectively, However, as is eviﬁent from Figure 1.14, an
increase in pg is possible only to a certain limit Pk, max» at which con-

dition N,= XNy (point Ny) is still fulfilled, Wen Pk7 Pk, max

pressure beyond the pumps increases to such an extent that pump consumed
rower becomes greater than turbine available power., Thus there exists for
an engine with generator gas afterburning a maximum combustion chamber
ressure pk’ maxe

1.5.2, Maximum Combustion Chamber Pressure in a G-L Engine

In a G-L engine, one of the propellant components is fed from the pump en-
tirely to gasification in the gas generator.
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Energy balance equation (1,35) is written in the form

. ,;.,n,-,,—:-,(nr)rr[l —(%:‘:*)ér]“‘ .

R e T (1.3
Turbine outlet pressure is determined by combustion chamber pressure
Pon =Pt B0y (1.39)
where Ap,, == pressure losses in the gas line between turbine and combustion

chamber,
Turbine inlet pressure can be assumed equal to gas generator pressure

Payx = prr. (1.40)

Taking into account relations (139) and (1,40), the turbine pressure ratio
is determined as follows:

(1.41)

- P PO
M= Dux - PukBPr

Pressure beyond the pump is determined by pressure in the gas generator

Puy = Per + Bprr == 2, (py - Apra) - Bprr s (1.42)

whereApﬂ. = pressure losses in the lines linking the pumps with the gas
generator.,

Since gas generator pressure is greater than combustion chamber pressure, it
is advisable to install an additional pump to feed the additional component
into the gas generaior (oxidizer in a reducing arrangement and fuel in an
oxidizing arrangement). Obviously the feed pressure of the main pump feed-
ing propellant component into the combustion chamber will be lower than
auxiliary pump feed pressure, This will lead to a decrease {n pump power
requirements, which in turn will make it possible to reduce gas generator
pressure, If auxiliary pumps are employed, it is necessary to add to equa-
tion (1.38) a term containing the auxiliary pump output.

Taking into account equations (1.39)-(1.42) and in the assumption that
Nt == N Poj = Pos APrr; = Appp,

equation (1.38) will be rewritten as follows:

a1 -] sttt e, £)
. o)
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We shall determine consumption of the propellant components through their

ralatims K X |
Moy = 'R'u'_'{.'r M Mg e My (1.44)
where Kn,,.'.;‘,.“_ -~ ratio of components in the combustion chamber;

Mme
m = mey - My

For an oxidizing gas generator

My = Mo + Meg since  my o = MoloKo then
iy = im0 (148
where Ko = rh”/r'rx,,. == ratio of fuel components for an oxidizing

gas generator,

For a reducing gas generator

I;l, 2 I;lr+f;1°x‘" since ';nou.r w2 ’hrKI" then
My = _"‘zrn_‘.i_'r m, (1.46)
where Kewm Mow, ¢ -- ratio of propellant components in a reducing

gas generator.

Substituting relations (1.44)-(1.46) in equation (1.43), making transforma-
tions and resolving it relative to pg, we obtain

Pom G+ Po— Bpc0) 2 — == B (147)
. a L] *

where

¢ = R 27 (RT)ertional

o K (Ko+Dponpe.  ~~ reduced density for oxidizing gas
k=K o (PrKx -+ Pow) generator;

K=R = et Dpopr  — reduced density for a reducing gas
x = Pox ) generator,

In a first approximation one can consider that in equation (1.,47) combustion
chamber pressure is determined only by the turbine pressure ratio.
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Maximum pressure in the combustion chamber can be determinad from the con-
dition '

dj ¢ — M=l | '
n, ¥

From the last equality we obtain pressure differential tpy which ensures
maximum combustion chamber pressure

. : L]
' ¢ e [\¥T
Moo= (Fmmpm ) . e,

Substituting relation (1,48) in equation (1.47), we obtain

=1 ' .
Pr, max = (¢ 4 Po = Prr) * =B (149)
1.5.3, Maximum Combustion Chamber Pressure in a G-G Engine
In a G-G propulsion system, fuel and oxidizer are fed from the pumps at
specified ratios to the oxidizing and reducing gas generators, The gaseous
GG combustion products are utilized to drive the oxidizer system pump
turbine and fuel system pump turbine,

Our initial equations are turbopump power balance equations

Nyo=Nyoii Nere=s Nue
or in expanded form

n‘a,.on,..,-;:—,(m[l— ST ]=ﬂ°-*—‘f;’,—“—;&—> (1.50)

%
; ! e (P ¢ —
m,.m,.,-;é-,—mr),[l -5 ]-ﬂ&ﬂ. (151)
nf

After passing through the pumps, the propellant components are fed to the
gas generators, and therefore pressure beyond the pumps is determined by
gas generator pressures

and Py =prr)+dprr; (1.52)

prey=12gylx+ 89rs ). ’ (1.83)

The ratio of propellant components in the combustion chamber Ky» in the
oxidizing gas generator K, and in the reducing gas generator K, are

specified, Koo on, . K= m.. r (1.84)
°" Mo mre
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Since oxidizer and fuel pase in their enéirety through the gas generators
into the combustion chamber,

';’«al;'on.o'i".'h.ﬁ} (Lu)
e = Mg, o ok Mprs '

Solving congruently‘ equations (1.54) and (1,55), we obtain propellant
component flows into the gas generators

M.O“KOT:!EEL' 'ﬁr.e--ﬁr&"
. (1.88)
L L
From equation (1.56) we find rates of flow of working fluid to each turbine
Ky — K¢) (K,

.o ‘(*.”‘-f-_tkl)( = ont

S e Ko = Ku) (Kp -} |

e (;3"_.+n‘l}"( Ty oal

Substituting relations (1.52), (1.53) and (1.57) in equations (1,50) and
(1.51) and resolving them relative to py, we obtain

(1.87)

&)= Arr)+ po ¢
ol L~ _._..'_._L-Apn,. (1.88)

"

Puj =

where ;.o
Kn = Kp) (Kot 1) 9e.0 ]
"""L"—'t"k(;(ﬂ‘:%‘rm"—r("m
l

=Ll X (RT).

Cp=
o= Np l-—l

We ghall estimate the ratio of parameter ¢ for the oxidizer and fuel line:
K= Kp) (Kot 1 RT)e
im "'l%”ﬂ_‘.( a—%'f) (’R".-r)'l!wf!'dzn;
1f we consider that Pox/Py == 1,816, K.>l. KXo > Kis , We obtain
Cmil=14.

An optimal turbine pressure differential is obtained from the ratio

€)= dprr —-1_1
7‘?—,-‘ : u::-t-m +o 2= 08
4 n, "
1
3
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Substituting (1.59) in equation (1,56), we obtain the maximum possible
combustion chamber pressures achieved by the oxidizer and fuel eircuit.

The smaller of the obtained values is adopted.

1.5.4, Comparison of Engines With Generator Gas Afterburning by Magnitude
of Maximum Combustion Chamber Pressure

For all engines maximum combustion chamber pressure is determined by the

relation
3!:Ln | 1
Py, mox ™= (€ 4= po = Bpyr) " : . TRl Apes.
%=1\ H=T
exir (B
(1.60)

It follows from an analysis of the above relation that maximum pressure is
determined by parameter

c;KqéTmﬂﬂmm

which is characterized by reduced density and efficiency of turbine working
fluid and turbopump efficiency, as well as by pressure losses in the engine's
hydraulic lines., With identical combustion chamber pressure, the principal
parameters of the supply system for an oxidizing and reducing engine setup
have a different value, This is due to the fact that for ZhRD propellants
oxidizer consumption is always greater than fuel consumption Kk> 1, and
turbine working fluid consumption in an oxidizing setup is also greater than
in a reducing setup. For the majority of propellants (other than propellants
utilizing hydrogen as fuel) quantity RT in a reducing setup is greater than
in an oxidizing setup due to the high combustion products gas constant value,
. This increase, however, 1s not large, and comprises

(RT)J(RT), = 1,06—1,18.

The efficiency of a turbine~pump unit is independent of combustion chamber
pressure but is determined by engine thrust, With an increase in engine
thrust, pump efficiencies increase due to a decrease in hydraulic losses.
This is due to the fact that with an increase in thrust there is a decrease
in the percentage share of consumption per unit of surface area.

In like manner, with an increase in thrust thefe is a decrease in pressure
losses in the lines, and chiefly due to a decrease in hydraulic losses in
the cooling system.

Thus it follows from the above analysis that with an increase in engine

thrust, maximum combustion chamber pressure increases, while the magnitude
of maximum combustion chamber pressure depends on the engine design.
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We shall compare engine designs for a specified thrust, Obviously theoretical
limiting=maximum pressure in the combustion chamber will occur when there are
no pressure losses in the lines ‘

(APri' = Appy = 0).
in this case from equation (1.60) we have

%=1 (Qx l)';:c_:lf

e, (1.61)

¢
Poomx = '\ 5=T"

that is, maximum pressure in the combustion chamber is proportional to
parameter ¢, which basically is determined solely by the engine design,

If we substitute in equation (1,61) an expression for ¢, we obtain

=1

b:. max = ( B )mRI (RT)I YNrHA . (1-52)

N1

where ij -~ reduced density of the working fluid of j gas generator.
For an engine with afterburning of oxidizing generator gas

Ky (Ko 1) poxpr
R°'=.= Rxn oK+ Pox) (1.63)

For an engine with afterburning of reducing generator gas

% o {Ke b Dpapr .64
K: P:Kx'i'Pon (1.64)

For liquid propellants employed in ZIRD, the propellant component ratios and
densities have values Ky=2,5-6,5; K,=18-27; Kr=0.2-0,8; por=(1100-1700) kg/m3;
pr=(71-1000) kg/m3. :

Let us assume that turbine-pump unit efficiencies and adiabatic exponents
ate identical in the motors being compared.

e Promazo _ Kx(Kat D(RT)o (1.65)
Prmax.e  Fo(Ket D) (RT)e

{t follows from expression (1.65) that for the specified propellant components
Ly = px. max, o/ P&, max, r = 1,3—1,8.
For nitrogen techtrochside and NDMG [expansion unknown] propellant
K« =30, Ko, =20, K, = 0,6

, we have Ly=1,52, Consequently, in engines with afterburning of oxidizing
generator gas, maximum allowable combustion chamber pressure is substantially
greater than in an engine with reducing gas afterburning.
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We shall compare & motor with oxidizing gas afterburning with a G-G motor.
In our comparison we shall assume that in a G-G motor maximum combustion
chamber pressure is determined by the fuel system,

For a G~G engine fuel system

k-l‘l‘ o= (Ko— K:)-(.Krj- |)E|- and

P, max, 1T _ (Ko = Ki) (Ko 1) Ko (9cKi -+ pox) (RT)
= T oK Ko+ Dpom ROy > 1+ (1:66)

Q
pK. max, o

For a fuel with KK = 3vov Ko = 20- Kr = 0»6, Pok = 1450 KI’IM'u Pr = 780 Kr/Ma‘

we have PK, max, =1/ Pk, max, 0 = 1,48,

Thus the gréatest maximum allowable combustion chamber pressure can be
achieved in an engine with two gas generators. Considering actual magnitudes
of pressure losses in the lines and efficiencies, maximum combustion chamber
pressures will be less than limiting-maximum, but the distribution of their
values will not change with a transition from one engine design to another.

. max 7

Figure 1,15, Relationship Between Maximum Combustion Chamber Pressure,
Engine Thrust and Design

1. G-G engine 3. G-L engine V
2, G-L engine O

Figure 1.15 shows the character of change in maximum combustion chamber
pressure for different engine layouts.
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Chapter 2, METHODS OF ANALYSIS AND CALCULATION OF STATIC
CHARACTERISTICS

2,1, Disturbances of Operating Conditions, General Description of Disturbing
Factors

The characteristics of the working process of a propulsion system in the
process of operation differ from those characteristics obtained as a result
of design engineering., This is due to the influence of various disturbances.
All motors are tuned and adjusted to emsure reproducibility of operating
processes, Deviations of operating process parameters from specified

values due to operating condition disturbances constitute the input data for
adjustment and calculation of control systems.

Disturbing factors which affect the operating process can be arbitrarily
divided into external and internal.

External disturbances are 1ndependent of the engine layout and design; they
are for the most part determined by operating conditions and environmental
conditions.

Since a motor is linked to rocket systems only by fuel supply lines, external
disturbing influences come for the most part from the propellant lines, Small
external disturbances may also enter the engine from the rocket control sys-
tem due to noise in the electrical circuits of these systems as well as for
other reasons.

Internal disturbing factors are determined by engine design, production and
testing conditions and process. Characteristics of internal dsiturbances can
differ for different engines.

uniternal Disturbances
External disturbances include deviations of characteristics of operating con-
ditions from the standard conditions which were assumed when designing the

motor. External disturbing factors include ambient temperature and pressure,
density of propellant components, and pressure at pump inlet.
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Atmospherie conditions axert practically no influence on engine operation,
One exception im ambient pressure and temperature, which directly affect
propellant and thrust characteristics,

1. Ambient temperature, In designing an engine one assumes a standard tem-
perature at which the thermophysical characteristiecs of propellant are
determined, As a rule an engine 1s operated at a temperature differing from eandard,
Operation of thermostatically-controlled motors is an exception, Change in
ambient temperature causes deviations in temperature and enthalpy, density

and viscosity of propellant components., Ambient temperature varies within
broad limits for different climatic zones, season and time of day.

Table 2.1 contains temperature values for different climatic zones.

Table 2,1
5 Teuneparyps, K
Kanmarnvecxan soua
Tonax Tmin soyll?;n“;l‘fn .
Apxriueexan 2 303 263 25
){mpeunan 3 308 223 20
Tpottueckan 4 323 263 40
- Key:
1, Climatic zone 4, Tropical
2, Arctic 5. Temperature
3. Temperate 6, Daily variation

2, Density of propellant components. Density of propellant components at
standard temperature is determiend by propellant grade and temperature:

p=p.+p(T—T),

where p, -- density of propellant component at standard temperature; B--
volumetric expansion coefficient; oo == determined by precision of propel-
lant manufacture, pT=B(T-T) is determined by the properties of the propel-
lant and temperature. This quantity can vary within broad limits in the
process of operation. Density of propellant components affects the operat-
ing process in the supply system and fuel mass in the tanks.

3. Ambient pressure., Ambient pressure varies with altitude. A change in
ambient pressure leads to change in engine thrust; in addition, it affects

turbine characteristics in a motor without generator gas afterburning in the
case of subcritical pressure differential in the turbine nozzles.

4, Pressure at pump inlet. Pressure at pump inlet consists of liquid
column pressure pe. and tank absolute pressure above free liquid surface pg.
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Figuring in pressure losses Ap in the lines from tank to pumps, we obtain
Po“Po+Pcr-Ap.

For a stationary rocket Per = pH, | where @ -- density of propellant com=
ponents; H == initial height of liquid column,

Sequential placement of tanks, pumps and combustion chamber is typical of
rockets, In spacecraft tanks can be placed at the same level or below pumps,
and in this instance perpsi O,

During flight of a rocket with an operating engine, liquid column prassure
will be variable, due to depletion of propellant components (H decreases), and
due to variable axial acceleration j,

In this instance Per == fnp,

where 'l='-‘,7'+51n ¢ =- axial G-load factor; ¢» -~ angle of inclination
of rocket axis.

Consequently Peps PO and pump inlet pressure change in the process of engine
operation., In addition, during flight there may occur elastic longitudinal
oscillations of body and liquid, which will also change p,.

Internal Disturbances

Internal disturbances constitute deviations of internal engine characteristics
from calculated characteristics due to losses and production errors of
various kinds,

Following are the principal internal disturbing factors.

1. Design-manufacturing dimensional tolerances of engine components.
Structural dimensional tolerances are specified for engine manufacture.
Oue and the same parts of different engine components may differ in size
and shape within limits of these tolerances., This leads to variance in
characteristics of individual parts of one and the same units and systems
manufactured on the basis of identical specifications.

The principal dimensions which affect engine characteristics are nozzle throat
area and diameters of pump and turbine rotor wheels,

?. Pump and turbine efficiencies.

3. Hydraulic resistances of lines, etc,

All engine parameters are interlinked, and variance in the characteristics
of engine components leads to deviations in engine operating conditions,

that is, to deviation from nominal values for thrust, specific thrust im-
pulse and propellant component ratio., As a result there arise additional
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disturbances which affect the rocket, and the motor can move out of the
specified operating range, which in turn will lead to engine failura,

2,1.1, Statistical Characteristics of Disturbances

Internal and external disturbances are random quantities or functions
relative to a specific motor, the conditions and moment of its operation,
Disturbances, as random quantities, are characterized by statistical data
which are determined on the basis of results of tests or operations, In
determining the statistical characteristics of disturbing factors, one
must bear in mind that due to the random nonuniformity of operation and
test conditions, there frequently occur errors in output results, With a
limited volume of practicable information, these errors can lead to in=
correct statistical conclusions, In order to avoid such phenomena it is
essential to exclude sharply differing observations f£rom consideration.

A number of different statistical criteria smutilized for this [15].

This is done most simply and with a sufficient degree of accuracy on the
basis of Smirnov's criterion,

We determine arithmetic mean statistics
l n
,:‘B-— xh (2-')
n Eﬁ

root-mean-square deviation

o=V aZriu=s 22)

where X4-—— quantity measured in the experiment; n -- number of experiments,

We then determine statistics

—
..,L".__‘:_!,

o.
where x -~ doubtful result of measurement.

If for a given number of measurements n and selected reliability P=1-8
quantity e exceeds critical value €g, then one can assume the result of
measurement x to be a gross error with a probability greater than P,

Table 2.2.contains values €g in relation to number of measurements for two
values of 8.

Table 2.2,
n 4 8 [ 12 )]s | 20 ) u || x| B |

1,689 2,172 ] 2,387 | 2,623 | 2,623 | 2,704 | 2,762 | 2,792 | 2,853 | 2,904

e
=0,
(ﬂ ) 645 (2,041 1 2,229 | 2,357 | 2,441 { 2,621 | 2,589 | 2,609 | 2,668 | 2,712

=22
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As a result we can determine the numerical characteristics of dis=-
turbances: mathematical expectation, and variance,

The results of processing of realizations of disturbing factors indicate
that the majority are governed by the normal law of distribution, and only
a few, such as design dimensions, by uniform distribution,

There may be functional and stochastic interrelationships between disturbing
factors,

For example, a functional relationship effacted by the influence of tem-
perature can be established between oxidizer and fuel densities.

If we eliminate tem;erature factor (T-T) from component density equations
f’ok““)t‘..ok"'B x (T-T) and p, = po ¢ 4 B¢ (T — ‘)
we obtain a relationship between pop and ppt

Pox == P¢, o + ng(ﬂr = Pe,r)

However, a rigorous functional link between random quantities is rarely
achieved, and most frequently such a link cannot be established at all,

More frequently there arise statistical relations between random quantities,
whereby a change in one quantity results in a change in distribution of the
other, In particular, a statistical interrelationship is manifested in the
fact that with a change in one quantity there is a change in the mean

value of the other, and in this instance the statistical relationship is
called a correlation,

A correlation between random quantities x and y is evaluated on the basis
of the magnitude of dispersion of values y around conditional mean y,.
Dispersion is characterized by second correlation moment Ky ., the value
of which can be determined from the data of a set of observat¥ons, employ-
ing the formula

Key= ,,_, Z(&"mx)(ﬂ ~m,). (2.3)

A dimensionless correlation value is determined by ratio ’x, = K, Jfo,0,
which 1s called a correlation coefficient.

by the magnitude of the correlation coefficient one can judge the degree
«f statistical relationships between random quantities. When ry (=1

nndom quantities x and y are linked by a linear functional relation, If

=0, random quantities x and y do not have a statistical relationship

and influence the system independently.

For system of random quantities xj, X2, ..., Xy , for which statistical
characteristics my;, myy, .., my and Dx1y Dygs eees Dx,» one can determine

correlation moments Kyy, X4 with equation (2.3) and construct a correlation
matrix:
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Kﬂ‘!‘ Kl‘!. e K’l'ﬂ
- Kl.ll Kl;l. vea Kn.rn

L R S T S T T T T )

K

Koy, Koo Kig,

The variances of each random quantity are situated on the main diagonal of
the matrix, which follows from obvious correlation

A .
K"‘u‘ﬁ = T‘T‘_‘T ‘g' (xl haad m.l’ (xk - m,) - D“. .

Proceeding from correlation moments to correlation coefficients, taking into

account relation .
r - Kx* Xp =]
i T 0g,0x,

and the symhetry of the matrix relative to the diagonal, we can obtain a
standardized correlation matrix

l r‘”‘ ‘. (XY r“'ln
l ve rg..jn
r‘,,x," ¢

The statistical relationships between disturbing factors, characterized by
correlation coefficients, must be considered during calculation and
analysis of precision of engine operation,

2.2, Methods 'of Analysis'and Calculation of the Effect of Disturbances on
Engine Characteristics

2,2,1, General Description of Methods

The influence of disturbances on engine operating parameters is established
with the aid of static characteristics.

Static characteristics are analyticalior graphic relations linking the
parameters of a propulsion system under steady-state operating conditions.

Static characteristics can be determined graphically or by analytical

methods. Analytical methods presuppose construction of a mathematical en-
gine model in a certain form and elucidation of relationships between
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engine characteristics and disturbances, Analytical methods make it pos=-
sible to obtain the values of any engine parameters of a given daesign for
specific operating conditions and disturbances. The graphic method

enables one to plot graphe (nomograms), which graphically characterize
interrelationships between operation parameters, but it is not precise
enough, and therefore it is employed only for quantitative analysis of

the interrelationship of parameters of new engine designs at the preliminary
design stage.

Depending on the type of engine mathematical model, the following are
designated as analytical methods: direct method, mathod of small deviations,
and statistical method. :

2,2,2, Direct Method

Diversified physicochemical processes take place in a motor. On the basis

of the general laws of mechaniecs and theory of motors one constructs equations
which link design characteristics and disturbances with the parameters of the
operation process. For the majority of engine components these dependences
are nonlinear. For example, the mass flow rate of gas from an engine's com-
bustion chamber is determined by the relation

e b (%) pxFup .
VRTx

To engine component equations one must add relations which describe the
compatibility of engine components to which equations of the consumption
and flow rate, pressures and power balance apply. As a result we obtain a
system of algebraic equations which is resolved in relation to any engine
parameter yy=F(ys, x;, z4). Since the system has a high order (the number of
equations is determined by the engine design) and the majority of equations
are nonlinear, even with employment of a computer, solution is very complex
and requires considerable time, Therefore this method is employed only for
analysis of the static characteristics of individual engine components and
for plotting engine throttle and altitude characteristic curves,

2,2.3, Method of Small Deviations

In analyzing static characteristics of an engine, in the final analysis one
determines deviations of operation parameters from specified (nominal)
values due to the influence of disturbaces, Since static characteristics
describe engine operation under steady-state conditions, one can make the
fllowing assumptions:

deviations of parameters of operation and disturbances are small in
comparison with nominal values, that is, Alyj-yj-yj ngj;

the prineiple of superposition applies, that is, one can examine in an
isolated manner the influence of individual disturbances and obtain the over-
all effect by adding together the separate results,
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Making these assumptions, we can construct a mathematical engine model

by employing the method of small deviations, which in the literature is
sometimes callad the sensitivity method, Let there be functional relatione
ship y (x1, %2, %3, «ssy %), whereby the nominal (base) value of the
function and arguments y (xXj, X3, X3, +4s, Xy) 48 known., Then for descrip-
tion of change in function y (%1, X34 +ssy %y) in the vicinity of nominal
values of the arguments we can utilize Taylogb axpansion in series, If there
exiat partial derivative functions

?‘ZL up to (m+l)
ol

order of magnitude, then
V% X o ooy XN) = (% By ouoy Xy) ’76!1-("‘ —X) e b
B = E) kgl = ) i [t = R
+ .. +337(x~—3~)]'"f(5,. Sneeor X)FRme  (24)

Here

[-;;‘%;(x;-;.)-i- vt -;,%,-(xn—i',v)]"f(i.. oo oeey Xy)em
! A -y
= [T l':: e ¥ (a,‘.a,‘o _‘,’, ax;;") (= x)" X

- =,
% (% — 50" o (ow = 5™

Ittty

Summation should be performed for all non-negative integers 1y 325 eees
In» which satisfy the condition Jitiotesotiymm. Partial derivatives are
determined with nominal values of X1s X2y eee, ¥ye Partlal derivatives of
(mtl) order enter remainder Rp.

On the basis of the above assumptions we shall perform linearization of

relation (2.4), that is, we shall ignore partial derivatives of the second
and higher order. We shall then find the full increment of function

By= ety = F) oo + 3 (e = Fa). (2.8)
We shall designate Ay, =, — i,

As a result relations (2.5) can be rewritten in the form

Ay = g -gx"— Ax,. (2.6)

45
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

With linearization of a nonlinear function we obtain error
N ’a
s < X || Al

the magnitude of which increases with an increase in the degree of non-
linearity of y (x) and deviation of arguments & xj.

Coefficients with argument deviation are called coefficients of sensitivi-
ty or coafficients of influence and are designated

E[E%z"gal(;' ﬁ‘

Thus 1f the absolute deviation of argument & x is known, we can easily deter-
mine the absolute deviation of function A y=adx. In this instance the co-
efficient of influence possesses dimensionality [y/x). For a comparative
analysis it is more convenient to utilize dimensionless (relative) deviations
Sy=dy/§; 6x=Ax/R, and then the coefficients of influence will have zero
dimensionality and will be determined with the relation

a[ -’%a‘.

As a result of employment of the method of small deviations, one can obtain
linear equations of the type
by = Y adr

for all engine components. In this case the engine model is described by a
system of linear algebraic equations, which in matrix form appears as AY=BX,
where A -- matrix of coefficients with operation parameters; Y -- matrix of
engine characteristica; B -- matrix of coefficients with disturbing factors;
X -- matrix of disturbing factors,

The latter equation is resolved in relation to any characteristic of engine
operation.

2.2,4, Statistical Methods

The above-examined methods make it possible to determine deviations of opera-
tion parameters with specified deviations of disturbing factors, that is, to
rolve a determined problem.

Under actual conditions all disturbing factors are random quantities, as a
consequence of which the characteristics of operation will also be random
quantities, Methods of mathematical statistics, and specifically probability
and regression methods, are being employed to determine the statistical
characteristics of operation parameters. In subsequent chapters we shall
present the above-listed analytical methods.
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Chapter 3. STATIC EQUATIONS OF MOTOR COMPONENTS

3.1, Combustion Chamber and Gas Generator Equation

A principal characteristic of a combustion chamber is the relationship betwaen
combustion chamber preesure and rate of consumption of propellant components,
characteristics of combustion products and throat area, which has the form

po= F (i), @0

where ﬂk == gpecific pressure impulse (consumption complex),

The magnitude of the specific pressure impulse depends on composition of the
propellant and completeness of combustion, as well as combustion chamber
pressire, However, the dependence of llk on Py is weak, since with a change
in py values R and Ty change in opposite directions, while quantity b (%)
remains practically constant. Therefore with a specified propellant it is
allowable to assume that Bk is dependent only on the ratio of propellant

- components,

Relation P x(K) can be determined for a given combustion chamber pressure on
the basis of results of thermodynamic calculation,

Functional relation (3.1) is written in the form

Py==Px B FID' ”"“' my).
We shall rewrite the last equation in variations

89, =, . i, O + Gy i O -0, gBK+-b, 5 OF,,. (32)
Coefficients of influence ap,, y, bp,, x are obtained from equation (3.1) by

.means of differentiation - -
rnlg-g&L; gﬁL"Jé"
P !

4 omy m

"'u-I(
where .. L .
m = My, + m,.
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Solving congruently written relations taking into account ratios
Pt Ry B,
E BT I T

we obtain

0 r H ] H -

aﬂm Mon Kool ' a’n' L m' b’n' Y ==l
The coefficient of influence for propellant component ratio is datermined
as follows., The specific pressure impulse is determined by the ratio of
propellant components.

This relation can be determined from the results of thermodynamic calcula=-

tions.
%%-- tga-a,.

where @ == angle of inclination of the tangent to curve pk-E(K) at point K,
ko

O K = (33
=

Based on the results of thermodynamic calculation, relation Rk-ﬂ(l() can be
approximated by a polynomial of the type

Be = coK* -+ ,K 4 cou . (3.4
where ¢y, c1, ¢y -~ propellant constants.

since

In this case

Gy K= %(%k- + ).

Relative coefficients of influence characterize the degree of interrelation-
ship of combustion chamber characteristics. The magnitudes of the coef-
ficients of influence are determined by nominal combustion chamber parameters
and propellant properties.

ror NDMG and AT propellant, for example, in relation to combustion chamber
pressure the correlation of propellant components varies as follows:

K=2.12-2,95; By=(1700-1750) ¢,  ,=0.001.

In conformity with the above figures, the coefficients of influence are
characterized by the following quantities:
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Op,, iy = 068=0,78; @y, i = 0,32—0,25; 8y, x = (1,2 = 1,7).10",

The gar genarator equation is written analogously to the combustion chamber
equation, e

When analyzing coefficients of influence one must bear in mind the following.
The magnitude of the coefficients of influence of any engine component
reflects the mutual influence of parameters only under conditions of
isolated operation of that component. Components are interrelated in engine
operation, and the interaction between parameters will be different, which
will determine other values of coefficients of influence,

3.2, Pump Equations

Pump operation is characterized by head and output, In place of head, in cal=-
culating static characteristics one employs pressure at pump outlet, In this
case pump characteristics have the following form:

pu‘-"pu(';'v n P Por D);
Nn_Nn(".ls n, 0y po D, M) (3.5)

where D == geometric characteristic;l@ -= efficiency.

In variations, equations (3.5) are written as follows:
8pu = X\ ay,, 8y + I bp,, 0% 3.6)

Ny = 3 an,. v 801 + 2 bue s, @7

where Yyy=m,n X =P, D, n

Coefficients of influence are determined with pump equations [3]:

Paemdpnt = Brm—c B +0i | (38)
Ny icpill (39)

where

A= (%) G- D:

t 1 AW
B"W(M.tm‘b.k.tzp.)'

c=tt o (=)
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qn == coefficient taking into account pressure decrease due to a finite number
of blades (qn=l.1-1,3); & =~ a coefficient which takes into account pressure
losses in overcoming hydraulic resistance in the pump blading; Dy, Di, b2,

by, bZ'Pl -~ geometric characteristics of pump blading.

Following differentiation of equations (3,8) and (3,9) and simple transforma-
tions taking into consideration inequalities py)p py, we obtain expressions
for coefficients of influence

B.;+ec§-
- T -
2Apnt = Bam , .
ap.n=‘—Aﬂ"——"“" G, = P !
H Pu
- O -
Apit 4+ == o B o,
bpy o = =t by po =53 bne0 =50

bN.D‘=bp,‘. o, by, n=—1.

Coefficients of influence in pump equations can be determined from the pump
flow rate characteristic and similarity relations.

From the pump pressure-flow rate characteristic, which can be obtained as a
result of tests on pumps, we have

2 tga, (3.10)

2

a

pyr ™ =

where @y -~ angle of inclination of the tangent to the pump characteristic
curve at point t, Py.

We know from general pump theory a correlation which determines similar con-

ditions [3]:
n @GR, e

Differentiating equation (3.11) taking into account relation (3,10), we have

apu, n= 2 - % ‘ga.;

bp,,. o=1 —ﬁ-—lga,.;

_b,,",p.=2—-3—7;":1ga,,.
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3.3. Turbine Equations

Turbines employed in ZhRD as pump-drive turbines are usually impulse turbines
with velocity stages or pressure turbines., Most frequently impulse turbines
are employed in engines without generator gas afterburning, and pressure
turbines in engines with afterburning of generator gas.

The principal relation describing turbine operation is a turbine power equa-
tion. Power is determined by gas flow rate (pressure), adiabatic work per-
formed by gas expansion in the turbine, and efficiency, that is,

Ny= ”."rLunr' (3.12)

Following linearization of relation (3.12) we obtain a turbine equation
written in variations

8Ny = 81ty -+ 8Ly + 81 (3.13)

We shall datermine variables 5;&,, SL,, and 81, , which enter equations
(3.13); for this we shall utilize relation (3.10).

The rate of gas flow through a turbine depends on the type type of gas flow
in the blading and is determined by turbine type. For supercritical flow
conditions (impulse turbines) the rate of gas flow through the turbine is
determined by relation

and variation of flow rate 51;11 = 6'Prr — 0,5RT, + 6F. The capability

of gas to perform work RTp is determined by the ratio of propellant components
‘n the gas generator K and is practically independent of pressure. Relation
FTp=f(K) 1s determined as a result of thermodynamic calculation and can be

- described by the correlation

ORT, = - R%x

. K
Substituting the last correlation in the equation for ‘“"1" we obtain
b, = 8p; — a;, (8K +OF,, (3.14)
where -
a,;". K= O'SR_KT‘;"—I;I%"

For suberitical flow, characteristic of pressure or reaction turbines, gas
flow rate through the turbine is determined by relation

Z %41
werV 2 - %] e

Prr Prr
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where Fo == nozzle throat area, pyp =~ pressure at turbine nozzle exit.
Pregsure at turbine inlet pyp depends on the degree of turbine reaction

sm YT
] AT

Pyy == prr [P— (l—ﬂ)(ﬁ'ﬁ;) *

where ® == degree of turbine reaction; p2p == gas pressure at turbine out-
let,

Degree of turbine reaction is determined by a semiempirical relation of

type [5] . .
, peatd () o) @1
where a, b, ¢ =~ experimental constants; u =- turbine blade tip speed;
= ':) :

¢] -- gas velocity at nozzle exit. Variation of gas flow rate through the
turbine is obtained from equation (3.15)

81, = OF , + 8P — ;| SK 4, (B0, = bprr)  (318)

where
L ML
- a 13
2(-5—"—)” ~ x4 (—fi-'-)
- P Per

kR A%
) - " - ]
()" - (42) ]
Per Prr

Following linearization of equations (3.16) and (3.17) and their common
s~lution, we obtain

6py; = a,(6n — 8¢) + a,0p,, -+ asbpyr, (3.19)
_ 5 u;l
bp 1—(-—4'-)
® Pir
B=% T
there =1
(1 =P (-&) "
5 -
2= = a=%;
’ =1 u z\'].
o)+ (2
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M=l
- H ‘ "
Eup+(1-5)(-£u-) .
Prr
Adiabatic work by gas in the turbine

ey _' . (3.20)
st ¥] et

Following linearization of equation (3.20) we obtain

8Ly= 28ey = a, X8K =Py (8P — 8per) (3.21)

where
. Mo |

aL, = 20’;|’_ K.’ ﬂr"'

Turbine efficiency is determined by parameter u/cy that is, %, =f (ulc,).

A variation of turbine efficiency can be presented in the form

1y = ¥, (08 — bcy), (3.22)
where

- ﬂu—u

N 0(?) '
Substituting relations (3.18), (3.19), (3.21) and (3.22) in original
equation (3.13), we obtain reaction turbine power variation equation

8Ny = 8Fe+-aw, o 8pcr +aw,, o, 8P+ aw,, w85 +an,, K3K, (3.23)

a”r"’rr.= I —a(l —a;)-p,(ﬂ‘,;_*.'.‘._ l);

where

a”t"’n=p'(ﬂf_ﬁ— 1) + %z}

aN" a =00 + %;

ay, x=0; k(1 —aga).

For an impulse turbine, characteristic of which are critical or super-
critical flow conditions, a turbine power variation can be obtained from
equation (3.23), In this case condition

Oy =-0v pl‘ =0,

applies, and the coefficients of influence in equation (3,23) will be deter-
mined by the relations:
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Ny ppp = I aNy = i

Oy, =0 Gy, x=ay

v Par
3.4, Supply Line CGquations

ZhRD equipment (pumps, turbines, gas generators, combustion chambers) con=-
tain duects through which liquid or gas flows, and engine components are
linked by hydraulic or gas lines. Therefore the principal stages of
operating processes, which determine the characteristics of an engine as a
whole, take place both in flow ducts and lines., Let us examine the static
characteristics of hydraulic and gas lines,

3.4,1, Hydraulic Lines

Hydraulic lines link the pumps with combustion chamber and gas generator
(pressure lines) and propellant tanks with pumps (suction 1ines). Dependences
of pressure differential, that is, hydraulic resistance, on rate of flow and
density of propellant and geometric dimensions of the line constitute the
static characteristics of all lines. In the general form a static
characteristic of a line is described by functional relation

Ap = AP (;nv P D).
Pressure losses A p in the line are formed of line and local losses.

Line losses are determined by hydraulic losses, caused primarily by friction
by the conveyed liquid against the wall of the line, and are characterized
by the relation

pu;

Bpu=h 45t (3.24)

where @ § -- coefficient taking into account liquid friction against the line
walls; wy -— velocity of liquid movement; 1, d, -= line length and
equivalent diameter respectively.

Pressure losses for overcoming local resistances are proportional to dynamic
pressure

Apy, i =¢ 3:—?' ) (3.25)
where g == coefficient of local resistances,
Local resistances in hydraulic lines can be constant and variable,
Engine lines consist of a number of sections, which differ from one another

in geometric dimensions, and may contain several different local constant
and variable hydraulic resistances.
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Total losses for the untire line arv determined by the sum of all components
n [
Bpy= X Ape,ii Spy= X Apw, 1 (3.26)

Veloeity of the conveyed liquid in 1 saction of the line is determined by
equation of discontinuity

w,aﬁr
Substituting the last relation in equation (3.26), we obtain
Bpy=RE: Bpy=tlt, 8.27)

n
where R Z""ﬂ%— -~ total coefficient of line losses;
=41 %t

n
E=-;-z; -;5— == total coefficient of local losses.

1f we designate pressure at line inlet P1» and outlet py, the line equation
will be written in the form

Bp=p—py=(R+H 2. (3.28)
Following linearization and transformations, we obtain a line equation in
the form
5 Ap = 28m — 8p +- by, a0R +- ba,, B8, (3.29)
where

- A7
- ...ég;- = ——M,
bu. =l ap ’ bAp.t 1 Y]

In a number of cases, for analysis of characteristics it 18 necessary to
have variations not of pressure differential but pressure at line outlet,
For these clses the 1line equation is written in the form

O, =a,, ,% ~a, 048, Sp— by, R —1,, (8, (3.30)

h ' PL. )
vhere a""‘ = -%:-’ P m = 2?; bph [ %;L'

3.4.2, Gas Lines

In propulsion systems with generator gas afterburning, the combustion
chamber 18 connected to the turbine by a gas 1line which has gas resistances
on the injectors and other elements.
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A gas line equation, similar to a hydraulic line equation, is written in
the form :

- i
Pay =~ Pty Per ! (3.31)
where £~ == resistance coefficient; prr =~ average gas density in the lne,

Average gas dansity can be determined from the relation

bee = e (022

where Topp == gas temperature beyond the turbine,

Gas temperature beyond the turbine differs from temperature in the gas
generator due to the work performed by the gas in the turbine. In order to
determine gas temperature drop in the turbine, we shall utilize known rela-
tion

6p(Ter = Ta) = -1y (3.33)

From equation (3.31) we have

84Apyy= ber 4 26';' - 6pl‘l" (3-34)

where _ - :
Apyy == pgr—py ¥ 84p. -A% ap!t"z%; 8p,.

Accepting assumption Rpp=Rig=R from equation (3.32) we obtain

— T T
50rr =§ Al’rn -7-." + T 67‘" Tar b T GTI‘ (3.35)

From equation 3.33), assuming cp=const, we obtain

Trr Tar

Trr=Ta 8Trr— Trr— Ter GT" = 2&1 + 6“7' (3-35)

Following common solution of equations (3,34)-(3.36) and taking into account
relations (3.21) and (3.22), we finally obtain gas line equations:

6 80rn = 8t -+ 8ri - gy, - 8K' gy, keBK — g, b1 (337

Tx K* oT
a LK S — . —_— IT.
o K Tt T VTet Vo = R

K OTy .

Trr
[+} . K" ——tene M = a——
Bppge K7 = T Y1 ¥r, T K
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Tre=Tot_ .
OAp,..n = '5-(-%:’—-“#1‘)‘.“’“‘

K', K" == ratio of propellant components in the combustion chamber and gas
generator respactively,

3.5, Pressure Accumulator Equations

In propulsion systems with gas pressurization supply systems, the propallant
components atre forced from the tanks by pressure accumulators. The most
common are gas pressure accumulators and solid fuel pressure accumulators
(GAD and PAD), 1In both cases pressure in the tanks, by means of which the
pressure force is generated, is determined by the characteristics of the ac~
cumulators,

3.5.1, Gas Prassure Accumulator

Gas 1s fed from a tank under high pressure into a gas pressure reducer,

in which pressure is reduced to the required level, and from which it is

fed into the tank to force out propellant. Thus pressure above the surface

of the propellant in the tank will be determined primarily by precision

of reducer performance and the characteristics of the gas accumulator, Initial
gas pressure in the tanks is determined by the conditions of tank filling,
Final pressure in the compressed gas tank should be greater than supply
pressure pg by the magnitude of minimum pressure drop in the reducer & p,,
requisite to ensure normal reducer oparation. A p, 1§ determined by reducer
design and depends on supply pressure, At high supp)y pressures

App==lpw where p, -- reducer outlet pressure,
1-0.25... 00100
Taking into account gas orificing and its expansion in the tank in the process
of pressurization, the gas pressure accumulator operation equation has the

form
(Po+ bp)) Vews = PruaV vy = 7 Ve (3.38)

where Va3 “- volume of compressed gas tanks; pr,, -- initial gas pressure
in compressed gas tank; Vg -~ volume of propellant tank;
21
M X, E-&L
& (Pr.n) P o Ten '

The values of coefficients ¢y and ¢y are determined by the polytropic curve
index and pressure differential p’.k/pr.ﬂ and are indicated in Table 3.1,

Table 3.1, -
Zen 10 7 4 2
Prx
& 0,55 0,60 0,70 0,82
Py 0.76 0,80 0.87 0,90
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Equation (3.38) is resolved in relation to tank pressure:

Po 2= bype, u = babps (3.39)
where

(5}

l N
bl- =7 H b.ll T ro
L T T

([ 1]

Pressure at reducer outlet is determined by reducer design and pressure at
reducer inlet. The value of maximum pressure deviation at reducer outlet
from nominal (initial value) q‘pp-pp-ppo is stated in the data supplied by
the reducer manufacturer, Tank pressure variation with a gas pressure
accumulator has the form

vhere 896 = by, s,,,8P¢. u = bog, 5,890 (3.40)

8 Peu bpy
bpg, ,M=_L5?‘., bog. 5, _-.ﬁl.

3.5.2, Solid Fuel Pressure Accumulator

With employment of a solid fuel or cartridge pressure accumulator, fuel is
forced from the tanks by solid fuel combustion products, Utilizing equation
of state and balance of arrival of solid propellant gases into the propellant
tank and rate of flow from the propellant tanks, one can obtain a tank pres-
sure equation [1]:

F
= SR

where Fyp -~ propellant charge combustion surface; u -~ rate of cartridge
combustion; Pp -- density of solid propellant; £, -- reduced solid propel-
lent force; W -~ coefficient of solid propellant gas energy losses in the
tanks,

The last equation, written in variations, has the form

8pg = 8F; - 8u - 8py -+ 8 — 8V — 8y (3.41)
3.6, Thrust Characteristics

Thrust and specific thrust impulse are propulsion system output character-
istics, which determine its economy and ballistic capabilities.

Propulsion system thrust is determined by the relation P-x’nly.
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In variations the last equation 1s written in the form

8P m b - 81, (3.42)

Specific thrust impulse, as we know from theory of engines, is determinad
by the quality of organization of the operation process, ratio of propellant
components, combustion chambar prassure, and degree of expansion of gases:

Iy""y(Pm K, ),

‘ where
q h‘
l =
In variations specific thrust impulse is written in the form

6', =q) )(GK - ay, ,na - a, " 'Bﬂ‘, (3.43)

where coefficients of influence ar,x are obtained from relation

ap g 2 0L
R 7, a; ]
a1

5—;‘}'-- are determined from the results of thermodynamic calculation [1].
Equation (3.43) is valid for an engine with generator gas afterburning.
For an engine without generator gas afterburning specific thrust impulse

is determined by relation (1,15)

Iymly, (1 ~¢), " (3.44)
where

. 1,
.'--"l"'-.|°e (l—-—,'o'e)n
my y.x

Designating m Jn'g = Ty, we obtain engine specific thrust impulse
' variation

O, =a, 8, +a, ;8+a, 1.y, 0.0 (3.45)
where

Ty, -
al.l.""%-;.-(l -gh
a4, ;=10

X3 I_Ty.o.e);

Ty.o.t-
.ty e = Ty q.
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A thrust equation for an engine without generator gas afterburning is

3
p-pk+p° «c*
A variation of the engine thrust equation
6P - an P.GPK + aPo P°_ QGPO- (] (3'46)
where -

Py .
as, ’n--ﬁk_‘ a""’o.e’-%&'

60

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

Chapter 4, ENGINE STATIC CHARACTERISTICS (DETERMINED PROBLEM)

4,1, General Solution

At the stage of designing a propulsion system it is necessary to evaluate
the effect of disturbances on operating parameters in order to elaborate
engineering-design measures to ensure the desired precision and reliabilicy,

Static characteristics make it possible to establish the mutual influence of
components during their concurrent operation with specific design
characteristics of motors, propellant components, and ambient conditions.
Input data for obtaining static characteristics are the following:

propulsion system design and nominal (by specifications) engine
operation paramater values;

composition and characteristics of disturbing factors;

propulsion system component equations written in variations.
In the general case the method of calculating static characteristics con-
sists in the following., For a concrete propulsion system design one for-
mulates pump and turbine outputs, pressures and flow rates balance equations.

After substituting component and line equations in these balance relations,
one obtains a system of equations which is written in standard form:

M M
= ) b, x8x, }. 4.1
llf_.‘llaua!l/ El 1 k0% 4.1)

where Syj - Qariations of operating process parameters; 3"1& ~-- variations
of disturbing factors; j -- number of equation in the system, i=1, L; j=1, N;
K=1, M,

System of equations (4.1) can be rewritten in matrix form

A|dy|=B|8x], 4.2)
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@,y Gy 8y ..\ By
Am Gy Gy By .y O

vwhare t\ s s e o |== matrix of equation coefficients on its
y Gy Gps o o Buy left sides
by by .o Duu
B= bu bas o+ Oam| o matrix of aquation coefficients on its
oo right side;
bL‘ bL’ D) bLM
oy ox,
L o | ... matrices of variations of propulsion
Sy==| ' |} dx== system characteristics and disturbance
, . variations,
6_9” be

Equation (4.2) is resolved relative to any operating process characteristic

|8y | = A"1B|dx|. 4.3)
System of equations (4,1) can be formulated for propulsion systems in such

a manner that matrix A is quadratic [1=N], In this case aequation (4.3) is
resolved in determinants

M
Oy, - E' C,, KGXK. (4-4)

where Cy o -- coefficient of influence of x, disturbance on operating
process parameter ¥y which is defined as follows:

Ak
C,.x=+;

&y -- determinant of matrix A; P} , k™ additional determinant obtained by
substituting in matrix A, in place”of the column corresponding to yj
purameter, the column from matrix B,corresponding to xy disturbance.
4,2, Model of Propulsion System With Gas Pressurization Supply System
Figure 1.1 contains a diagram of a propulsion system,

Balance equations for this engine layout have the following form:

oxidizer system equation

Po.ox = et BPox = MoxHogi (4.8
fuel system equation
Po.c = Pu+ BPc — npeHr, (4.6)
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where np sH, -= static pressure of propellant component column; n -- cal-
culated coefficient of rocket axial G-loading.

Since Hi and n change in flight, static pressure is also a variable quantity,
When calculating deviations of propulsion system characteristics, for

definiteness one assumes static pressura for the initial or final moment of
engine operation,

Assume the propulsion system has a gas pressure accumﬁletor; then following
linearization of equations (4.5, 4.6) and substitution of relations (3.40),
(3.29) and (3.2), we obtain a system written in standard form:

dc=ay, iy, LW =% My of;'r = = 8Fypi
Px 8%+ 2 Aok 8o = P, oxbig, o 2. 4 8P, 1 —
- ;6. okbﬁg. oxPp 5"1) - (Al-’ox + A;c'r) 590»( -
- A'ﬁ“b”w Lo Shons ) 4.7
P 8px -+ 2 80 Oty = B, cbig, 1. o y OPr i —
~ Pé. tbog. 1 pp 8pp — (APc -+ Apey) 8pr —
' - A;rbAp‘.. 3,651"

Matrix |A| of Coefficients With Operation Characteristics

8oy (23" on,

! Oy oy O, ;,
Px 2 A;ou 0

e : 0 245,

Matrix |B| of Coefficients During Disturbances

0Fg| 0 %, o, Sty &,
-1 0 0 0 0 ]
0 [ Aboy+ A5, 0 =g, onbs, ox ' B5ox a5y, Sox °
0 0 |85+ 88 | ~Ps.tbogpm, 0 =85 dap, ¢,
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The maln system determinant 1s
A =a | A| == 4 AouAPe + 2P (APiIp gy + APortpa ). (48)

As an example we shall obtain additional determinants for disturbances

.Ap,‘. P,.p = A;ox A'-’ll'g
By Pox = 2 APox APrapy, moxi
APKI o 2 A;ou Apra’n' gl
A

Mo Prp 2p, Bpi

4 = A;ou (2 8pp -+ Pilp,, ';'r);

Mons Pox
AI;I“. Pr == Apl'plal’x, ';'r=
Al;lr. Fup = 2-’;K A;mﬁ
B oon = Px BPouBp,, Moyt

B 0= 87 (38Poxt Pu, e’

In conformity with relation (4.4), propulsion system equations in variations
will be written in the form . .

=Gy, Frp & +Coy pox wou +Coy. 0, bpri
Otge = Ciroy Py 8Fup + ity 00, o+ Cin, 9, B0
dm, =C, , Pp O o+ Cin. ooy 8ok + G, 5, 8015
" 8K = 8fftoy — By,

(4.9)

Coefficients of influence Cy, i are determined with equation (4.4) and depend
on nominal engine parameters.

For combustion chamber pressure, for example, coefficients of influence are
determined by relations ) 1
Cp..r.,=—'

= K 1 !
140, — = =
+ 0% ((K+I)Apox+ (R+|)APr)
1 .
ti (gt a) (@10
8pox ~ Kop:

: C,.,-po‘r' -2—(R+ )
K

1
2 R+ 1)+ (T?;’J’ﬁ\)

Coe o=

% O *
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As follows from the relations, coefficients of Influence are determined by the
values of nominal pressures in the combustion chamber, pressure differential
and ratio of propellant components, The character of change in coefficients
of influence with change in nominal combustion chamber pressure (ratio of
propellant components and pressure differentials are assumed constant) is ine
dicated in Figure 4,1.

St
A
)

!

D)

Figure 4.1. Relationship Between Coefficients of Influence and Combustion
Chamber Pressure

Thus with an increase in nominal combustion chamber pressure, the influence of
disturbances and in particular change in nozzle throat area and density of
propellant components diminishes,

As an example we shall specify the numerical values of coefficients of in-
fluence for the propulsion system of the second stage of an (Eybl Stor)
- rocket with a gas pressurization supply system [3].

The propulsion system has the following nominal parameters:

propellant ) NDMG + HNO4
combustion chamber pressure pg, Mn/m2 1.42
ratio of propellant components K 2.8
pressure in fuel tank pgsp , Mn/m2 2.6
pressure in oxidizer tank, pg, e, Mn/m2 1.96

The quantities in the determinants have the following values:

8Pox = DP6.ok — Px = 1,96 — 1,42 = 0,5¢ Mn/u%;
Apr=pg, r—px = 2,6 — 1,42 = 1,18 Mu/u?.

=.=K_-_—_._2'j__=6'72;
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Pous g™ ?-L—IH Ir‘!f‘_l-uo'”;
B = 4 8By b5, + 5, (85,0, o+ BBy, ) =
= 40541,18 4 2: 142 (1,18.0,72 - 0,64.0.28) me 5,30;
By, Py = =4 BPoy 8Py 2= —4.0540:118 = —2,65;
Bogs by = 28Pox B,y == 2.0.54:1,18.0,72 = 0,02;
Bpy 0r= 24P 878, 5, = 2:084-118.028 = 08;
A,;.'o,‘. Byp= 2071y = 2118142 m 9.34; -
By Doy = BPox (285, + ;lap;. ,;,;) -
= 054 (2:1,18 - 1,42.0,28) = 149;
By 0p = = BPPBy, = — 1,18:142.028 = — 047;
Bires Fyp = 28PopPy = 2:0,64.142 = 1,83;
Bty =~ BPoPuly,, i, = — 0.54:1,42.0,72 = - 0,85;
By, by = 8P (2 8Fon + ByBy,, ) = 118 (2:054 + 1,42.028) & 1,75,

Coefficients of influence Cj, i are contained in Table 4.1,

Table 4.1
Coefficient ) boox So¢
- 4 -0,47 0,172 0,067
Mmiox 0,62 0,28 —0,087
b ) 0,28 —0,098 0,33

4,3, Model of Engine Without Generator Gas Afterburning

Figure 1.3 contains a diagram of an engine without generator gas after-
burning. For an engine of this design, balance equations (of compatibility
of components) written in variations, are the following. The equation of
balance of outputs is

N, 6N, =

—Mu

NuibNup 7 - @D

where j ="K, T.

Equations of balance of pressures in oxidizer and fuel lines from pumps to
combustion chamber:
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" Puvox 8pu.ox = Prr 89+ Abox 8 Apos ] 412

Pu.v8Pu.x = pre 8px + AP 8 Apye A

Equations of balance of pressures in gas generator lines:

Pri ok 8P4, ox = Prr 8prr =+ APox 8 APux ] @.19)
Pu. r8pu = 5rr6prr + Ap: 8 Ap;.

Equations of balance of flow rates:

(4.14)

T T

‘;'r'ou Bittoy = ;1;1{5';1;& + ;:m&;l;x; ’
T . . .
me Mr =2 Mer + fnromt-

Substituting in equations (4.11)-(4.13) equation (4.14) and equations of

components (3,2), (3.6), and (3,29), following simple transformations we
obtain a system of five equations, which in matrix form appears as follows:

A|by|=B|dx|,
8pox
St be
., Mlu.m
Seni oy, e
(891 =| dms, |[i [8x|=| " |
where ' 0’;'; ' ‘
on
OF,
8F,,

The elements of matrix IAI are contained in Table 4,2, and the elements
of matrix |B| are in Table 4.3,

(See Table 4.2 and Table 4.3 on the following two pages).

4.4, Motor With Cenerator Gas Afterburning (G-L)

Figure 1.4 contains a diagram of a motor with afterburning of (oxidizing)
generator gas,

Equation of output balance:

’ —
N8N, = ); N, 0Ny (4.15)
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Table 4.2,

243 Rgpamy w&QNluc Q.Em-.' lo..n 3134 .-.lumuw_.n 0
- —3 fiiw TooTET -
p Oy <33
-2 Rdpwo nd My evg— - otd— 0 *Tp 3y P
- - — Ry By *uw . -
- 3y od ™ .l&h:
= 3 “Bgp1 ug h\lnv.uuuuoﬁ giﬂﬂulﬂﬁ Qll&ll . QI
= = = —dyz— T Biw | = ro
Aoy R} o, Mg
ug O
%0 Tagwoag Y ¥ 03w i vd—
- b - = I.._.-aMu...u.a. .lno&dﬂ..’ne *¥p 8y
EITXT oo 1 Ou0Bpr
!.u.liﬂ-.-h' . N m.R .
ooy — ‘AQK .h?.uln IIA|¥ ¢ Np eaprEy MOpMO My,
- . %0, .13
—a i )y
v - i e w0
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Equations of balance of gas generator line pressurest
Eu. o8P ox = Brr 8prr - A-b;x 8 A]:;u', “16)
;l- r GPN- r= Bl‘l‘aprr + Apfb Apgu

Equations of combustion chamber line pressure balance:

Puoe 8P = Pudpu+ Ap:8 Api (4fl7)
Putu=Pubp -k Oadbpe  (418)
Equation of fuel flow rate b.alance;
s Bite = ety - MEOTE, (4.19)
After substituting equation (4.18) in (4.15), utilizing the relation for

components (Ch, 3), system (4.15)-(4.19) reduces to a system of four
equations, for which the matrix elements have the form

80ox
blhox bpl‘ '
6"-‘, b'ln.ou
r .
8| = o 1y |0%] == .
1891=1 , iy |8x] .
o I’ OF,

OF,p
The elements of matrices |A| and |B| are contained in tables 4.4 and 4.5.
aMr,nh

4= Ny Prra"rr' L + Prr [p"a"x' L. +
<+ 4pg, (apn-. Mok + %apes, K')] + aN,. K~

. an., ' Pgp = -
Zy=—=—"1(Ply,, iy — BPrallap,,, X°);
: Psr .
< Lo .o .
Zy=0, o Pappe iy T N by Par oy it~ %8pra0 K°);

Apes
= —_—_a .
¥4 N } e N p"aApn. L

. e

e, my
x=-==3 frr==5—"
me .me
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Table 4.4
ﬁ“ Oil;. Gﬁl: I
ZNe— N o 24Ny — N v 2,R, Zih— 3 Nujonn
;lo “".‘ o r'n“ -
_;"",l‘r' L 0 ' -'-prrn’"‘ g Pn. ox0py, ox: 1
~245,
P P10 L, | TP T
"‘Prr“p"., Mox L YN - Purlpy, o
- 20prp

p,,.- L |
- p"a’l' Moy - p“apn. ﬂ'|,'. - 28p9pr « Purlpy pin
=2 A;;qr. X

4,5, Motor With Generator Gas Afterburning (G-G)
Figure 1,5 contains an engine diagram.

We shall designate the parameters of an oxidizing gas generator -- Z° and
reducing gas generator -~ 2P ,

Output balance equation

0NF = 8Ny, oi (4.20)
NS =8N, . 4.21)

Gas generator line pressure balance equation

Pu.ox 8y, ox = PPr8pPr + Ap5c84p5,; (4.22)

Pr. ok OPu. ox = T’l’:r Sfr + A;;u 6 AP::% (4.23)

;n. N Op?-r aP‘l"l‘ + A;: 8 A":; (4.24)

Pu.r %Pn.r = 8% Spfr -+ 8778 A7), (4.25)
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Combustion chamber gas duct balance equation

By Oy =Py 0py + AP0 B0 .20
pledply = P8Py o+ A;:IO LT (.2
Flow rate balance aquatiodns
0 . - [ -3 . .
Moy Omgy = Mg, 8mQ, - mg,, dmf,; (4.28)
iy Oy == 202 + f B, (.29

System (4.,20)=(4.29) reduces to a system of six equations, the matrix
elements of which have the form

My

Sasg,

"o

8y | = ‘","' .

om}

'

on°

| The elements of matrices |A| and |B| are contained in tables 4.6 and 4.7.
Table 4,6,

dmay aml, om? am? Py &t
Cay ay a ag ag 0
ay ayy an ay 0 Uge
ay ayy Qgy 0 Qs 0
(/1Y [T 0 ay ay 0
o 0 ds3 ay, 0 [T}
0 Ge aes ag 0 fgg
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a =0 . 7 '1&‘ el
oAy "‘l"ra"?r' Mok +9 ( Pir a”:' "graﬂu' Moy a”:. on’ ';‘ox) +
+ _5:_.. "o. 14a R
Kokl @, M ( 800y h) NRKO

a
Y
=% A ( P m""p'( +Apg.) ”n on’ "‘w]

a,f.a”,,‘mp"lm‘,+—;——p,r [ ( .-Ap;r)+

+Apo(

@ -
= Ne e, e (px“p,. iy~ —~ 8pea
Arry

K4 1 A"rl' .o)]:

r App,, K° )

— — e O
R N O Sl T VLS
aye = 0,
% :
Nro P;, 0 -
Gy = p;r (pl( Py m°l+Apl‘l Ap K) '

"Gy =a + ———
£ oF alf AP r 0
Ny PrrOerr: Mok Nyv Pge a“

[Pn"pn.m +Ap"(l+a oy )]+“Nr Ko

a
I L .
ot | i o)
3
a a ——
=0 o ot TN o, T X

X [p"a’n' m, + 805 (I +aAp'.. K)] —aN:. KT —ah'u. © ';'rq;;

y=a

a3 =Py, ox, oy moxqo Prr" Pore MO, — 28p%y;

%2—”- on% Pu. oK’ m

=—R.a. ..
ST

G35 = Py, oxap.' ox* n%
041 = Py, “l-lgah ot fn“;

Yy =0y —p;"l‘apr ,;lr' —2Ap;‘;

rre
8y =—pira , I 6-:."
O = ys; “sx=-°p .,;Ig'rr;
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‘gg L Bl. rapm - n';j: —Ogy ~ 2@:
agi = Py, 1% ps 6,3:3

Oyg == Py, 199, oo A%

b= =Pirl g
G = ;" % o ';‘r‘-'g;
Oy = Py, 9, p r'nl.?r "“-’Fr"prr. = 245},
Ogy = Py, 19, v "
4,6, Synthesized Engine Charatgriatics

As a result of solution of matrix equations for a specific engine, we
obtain equations of the type

by; = Ecv,xﬂxh

which link an operating parameter variation with deviations of disturbing
factors from standard or nominal values,

Table 4.8 is constructed for a motor, and depicts the degree of sensitivity
of operating parameters to various disturbances.

Table 4.8,
8 ,
000k L LU e o
Gﬂl .
& | Cop Pox | Cowoe | Cop R ‘e Coan
o Cp10ox Corop Contyy oo Conn
8y CPoy Chop, Cr.ry ‘ee Chy
dn Crs Pox Cri pp cn.F,q, ses C,:,n .
For a specific engine design, coefficients of influence xq are the

e3sence of the number, since they are determined only by t e nominal
r,perating parameters.

Table 4.8 enables one to determine for specified values of disturbing
factors & x{ the values of operating parameters and to obtain input data
for tuning and adjusting a propulsion system and for designing control
systems, as well as elaboration of operating processes, for example, con-
ditions of thermostatic control.
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The value of an operating parameter for variation fyj is determined from
relation

=11 +8)

In addition, the calculation results contained in Table 4.8 enable one to
estimate the sensitivity of any operating parameter to a given disturbance
and to elaborate measures for compensation for the strongast disturbances.

Engine equations written in variations make it possible to synthesize
dimensional circuits of components and engine for the purpose of optimal
distribution of tolerances on geometric dimensions of components.

In general manufacturing tolerances for the fabrication of engine structural
components are selected from a number of conflicting conditions,

Following are the principal demands imposed on tolerances: design com—
patibility of components, producibility, cost (the smaller the tolerance,

the greater the cost of manufacture), and precision. In general one can
specify in a motor a small number of geometric dimensions of components
which significantly affect the value of the principal operating parameters
pPks> Py Iy, K, which determine economy, precision and operational reliability.
These dimensions include nozzle throat drea Fip» pump impeller diameter Dy
and turbine rotor wheel diameter Dy, diameters of hydraulic resistances
(adjusting disks, Jjets Dy), plus several others.

For analysis of tolerances as determining parameters, one can select combustion

chamber pressure or specific thrust impulse, Utilizing Table 4.8, one can
write an accuracy equation for any of the specified parameters:

6_‘[ = 2 Cy, x‘GXb (4’30)

where

x, = FKP' DM’ D.r, Dm.
In calculating tolerances one can make the following assumptions regarding
the law of summation of particular deviations 8x{, which can be selected frmm examina-
tion of three cases, The worst case 1s where change in all components only
increases full deviation of the operating parameter from the desired value,
A statistical case is where changes in crxi are viewed as random quantities,
and d'y is a random quantity. This case will be examined in general form in
the following chapter. And finally, one can consider a composite case.

When calculating the worst case, we rewrite equation (4.30) in the form

n
fy<e= Ellc,ld,. (4.31)
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where ¢ -- maximum allowable deviation; dj =-- maximum deviation of dimension.
This method is utilized when the number of examined dimensions dxy is small.

One can determine dy as follows from equation (4.31). Maximum allowable
deviation g and sensitivity C3 are known, Let the absolute values of par-
ticular deviations |011di be identical for all elements, that is, we assume
uniform distribution of particular deviations.

From the ratio of maximum allowable deviation § to the number of elements n,
we determine particular deviations :

+=|Cildp (4.32)
From this we calculate component tolerance
d=1Cik (4.33)

Thus if the corresponding sensitivity is small, the dimension of a component
‘will have a greater tolerance, and vice versa.

4.7. Maximum Propulsion System Running Time

The principal external factor influencing propulsion system characteristics
is temperature of propellant components. This is due to the fact that
propellant characteristics (density, viscosity, enthalpy) are dependent on
temperature, and a change in these characteristics leads to deviations in
flow rates, thrust, and other engine characteristics,

It is convenient to characterize the influence of temperature of propellant
components on propulsion system parameters by maximum running time, that is,
propulsion system running time to total exhaustion (depletion) of one of
the propellant components.

As a consequence of the fact that the dependence of physicochemical
cliaracteristics on temperature differs for oxidizer and fuel, maximum
propulsion system running time for oxidizer and fuel differs in magnitude
and is determined by evident relationships:

Moy . M (4.34)
= — Tp == - .
To,gA'—' 3 x’ r mr’
‘there Mgy, Mp -- masses of propellant components in a rocket's tanks.

In view of the fact that propellant mass and flow rate are dependent on

temperature, maximum propulsion system running time, all other conditions

being equal, is also determined by the temperature of the propellant com-
" ‘ponents.
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In a linear approximation, we shall determine variation of maximum time
with the equation

§%on = BMoy — 8ty3

85y == 8M, — b, (4.35)

where

' 6.‘/:'”":!"; Y =T Ty Mom Mr. fho,‘. f;lr.

L 3}

Variations of flow rates of propellant components are determined in
solving the problem of influence of external and internal factors (Table 4.8):

8y = Cyy. 5. 8oy + Citgge 0,500 }

Moke

. (4.36)
Gm, = C';'r’ DOKGPOK + C';'r' prﬁp,.

The dependence of density of propellant components on temperature is deter-
mined by the relation

=048, (T, —~T), (4.37)

where j=ok, 1; B, -- temperature coefficient; Ej ~- gtandard (nominal)
temperature of propellant component.

Table 4.9 contains the characteristics of several propellant components.

Table 4.9.
1 . g Xr xr
XHunugexan s = npR
Hassanne Konnonenta ¢°vll¢7ﬂl u,‘ e 2.3.;]( P 8 WK
AsoTHas kucaota 4 HNO, 63 1520 -—1,66
YeTHpeXOKHCh 330Ta D N0, 92 1470 —1,98
Terpanutpomeran C(N‘Ob. 196 1650 -1,7
Kucaopon 7 0, 32 (%41% —4,4
TTepexuch Bomopona 8 H,0, 34 1460 —1,6
®1op 9 Fy 38 1510 —32
: (%0 K)
Kepocun 10 CiparHipnsg 100 834 -1,15
17(yen.)
Bogopon 1 H, 2 710 —4,3
Cnupr (sm.n:% 12 CyH,OH 46 789 —-1,32
HOMI 13 (CH,),NyH, 60 785 —1,0
Tnapoanuruppar]4 (NH;)sH,0 50 1030 1,1
Tuapoann 15 NgH, 32 1010 —1,2
CnupT MeTHaoBRE 16 32 791 —1,14
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Kay to Table 4.9 on preceding page:

1, Component 9, Fluorine
_ 2, Chemical formula 10. Kerosene
3o kg o, 11, Hydrogen
m3 12, Alecohol (ethyl)
4, Nitric acid 13,  NDMG

14, Hydrazine hydrate
15, Hydrazine

16. Methyl alcohol
17. Conditional

5, Nitrogen tetroxide
6, Tetranitromethane
7. Oxygen

8, Hydrogen peroxide

For noneryogenic propellant components, when separate thermostatic control
is not employed, the following condition is met:

Tou=T,
and in this case * r
8p; = ay,, 18T, - (4.38)

where

T
ap/o 7=p[';;l'-

Equation (4,36), taking into account (4.38), is written in the form

6rr.l.,,‘ = BOKGT: ]
: 4.39
5mr = B,GT. ( )
where
= kJ _EO_K_ m -&- .
Box (C’"ox' Pox 5“ + C”‘ox' fr 6“ )?' (4 40)

Br=‘(c' -E9l+C- '&‘)T.

"re ok pog e O py

We shall evaluate the signs and relationship between coefficients By, The
following qualitative relations occur for noncryogenic propellant components:

Pox > Pri .';_“-=1,s-:-2.2; Box <0 B <Oi

r

. Ipox|>|pr|: '%f‘=l-3'l.5;
Cayo >0 € <0
IC’;'on' 9oxl>|c’;'on' ’rl;

- |G o | <|Cpe 0|

';l" [}
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C.
_c'm;.‘fen_ w 2,2 4 25,
Mg Py

Cl
gttt e 2,6+ 18,
Mes Pog

On the basis of the above relations, it follows from equations (4.40) that

B‘m'( <0, B, <0 and  [By| <|B)

Thus with an increase in the temperature of propellant components propellant
flow rates decrease, whereby the degree of change in oxidizer flow rate is
less than that of the fuel, Variation of mass fueling of propellant com-
ponents depends on the method of fueling,

a) Fueling by volume,

With fueling by volume, the mass of the fueled propellant is
M=Vp, (4.41)

where V--- volume of propellant pumped on board,

Since with fueling by volume the volume of propellant pumped on board
depends on the temperature, taking (4.38) into account, equation (4.41) has

the form
8MYy = Lo\ ST; (
v : 4.42)
where SM: = L8,
L=p-L.
1 =B 5

It follows from the correlation of quantities Pj and Pj that

Ly <0 |Lo| < |Lel.
Substituting (4.42) and (4.39) in equation (4.35) we obtain variations of
maximum time for fueling by volume
8tox = (Lox — Box) 8T
6tf = (L, — B,)6T.
Since Bj(O and Lj<0, the sign of the coefficient with dT 1s determined

by the torrelation between Lj and Bs. Results of propellant calculations
indicate that for motors there occurs relation

(4.43)

|L/|>lBll and |Lox_Bonl<0; |Lr""Br|<0'

It follows from this that with fueling by volume, with an increase in tem-
perature of the propellant components, maximum running time for oxidizer
and fuel diminishes.
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b) Fueling by mass,

With fueling by mass, the mass of the propellant pumped on board is in-
dependent of temperature, that is,

MM = sMM =0,

In this case it follows from equations (4.35) and (4,39) that
61'“ = —BQKGT; ]

8TM = — BL6T. (4.44)

Since |Box| < 1Bl and By <0; B, <0, with an increase in

the temperature of propellant components, with fueling by mass the maximum
running time increases, whereby for fuel this increase is greater than for
oxidizer.

Figure 4.2 shows qualitative relation 1j=f(T) for both types of fueling.

\\t.'/ t”
M 2 3‘:,
4

Con

r 7

Figure 4.2. Dependence of Maximum Running Time on Propellant Temperature

M.

Figure 4.3. Dependence of Fuel Remainder on Temperature

It follows from an analysis of Figure 4,2 that when TS T ma ‘imum propulsion
system running time is determined by the oxidizer supply, while when T€T
it is determined by the fuel supply.
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This means that when the engine is shut down under conditions T¥T, un-
consumed components remain on board the rocket,

The mass of the unconsumed propellant depends on temperature and is es=
timated by quantity
Moer"""ok“‘"rl".‘n (4.45)

where j=ok when T®T, j=r when T»T,

Relation (4.45) is shown in Figure 4.3, where Mp -- guaranteed fuel reserves,
The engine is shut down by an automatic preset range control unit.

Guaranteed reserves are ensured in order to eliminate the possibility of
premature engine shutdown due to exhaustion of one of the propellant com-
ponents,

Guaranteed fuel reserve refers to the minimal quantity of propellant
above standard which ensures, with a specified probability under all operat-
ing conditions, engine shutdown by the automatic preset range control unit,

In order to reduce fuel residue Moeps and consequently passive rocket mass,
control systems are employed, which under all conditions ensure simultaneous
tank emptying, that is, condition

Tox — % =0 and Mger=0.is fulfilled,
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'

Chapter 5., STATISTICAL ANALYSIS OF PRECISION OF
MOTOR OPERATION

5.1. Laws of Distribution of Operation Parameters

For analysis and calculation of precision and reliability of engine operation,
it is essential to know the laws of distribution of operation parameters and
their statistical characteristics.

In practice one very frequently encounters mormal distribution. This is due
to the fact that it is the maximum distribution toward which other distribu-
tions approach, In addition, it follows from Lyapunov's theorem that dis-
tribution of a sum of a sufficiently large number of independent or slightly-
dependent random quantities with random distributions approaches normal dis-
tribution.

Density of normal distribution is described by relation

-t =M,
0= o0 (— L5 ")

Therefore when processing statistical realizations one first of all tests

the assumption of normal distribution. Testing of distribution is a task of
statistical verification of hypotheses, that is, testing of the adequacy of
empirical laws of distribution of samples obtained durings tests to theoretical
normal distribution. The procedure of testing the law of distribution is as
follows,

Actual data on the aggregate of operation parameter values are determined as

e result of tests and engine operation. If we designate the magnitude of
reasurement of operation parameter yj,then for the aggregate of all measure-
.cnts we can construct variation series y » for which sequence

y1€Y2 ¢+ € Yp 1s valid. For formalization of calculations, we make the
series denser by breaking it down into separate intervals, and in each interval
all values are replaced by one, corresponding to the middle of the interval.

[
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¢t

Figure 5.1. Histogram of Distribution

Interval length 1s determined by relation [18]

— Ymi
A-""_LXH‘l f;iﬂ o;“’ .

For each interval one calculates frequency
m
% -J
P 1°F
where my -- number of measurements falling within interval j; N == number of
all measurements,

As a result of this processing we determine an empirical distribution
function comprising accumulated frequencies in intervals

F*(;j )" Elp*j ’

i
and for each interval

Y = ;— (4 + 4100)-

On the distribution function we plot a histogram (Figure 5.1) or empirical
distribution density

- F* (Il/)b
?* (y[)= 3y
Adequacy of empirical distribution to normal is tested on the basis of
statistical criteria which have been well elaborated in mathematical
statistics., The Pearson criterion is most convenient for calculations [28].

C'r::l.teri'onz2 is based on statistical distribution
x =X (m;— NP})INP; 5.1)
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in the assumption that part P*y of incidence of random quantity ¥y in cer-
tain interval [Lj_l, Ly] is determined directly by sample gyjl » While
estimate of probability of occurrence of event P*-P[Lj_]_( <Li] can be cal-
culated with the aid of law of distribution F(y, aj, aj), whic;\ is known
with an accuracy up to a certain group of parameters ajy, aj.

If we utilize as estimates of parameters a; estimates on results of measure-
ments y§, then when NwdWstatistics (5.1) possess X2 distribution with
degrees of freedom k=1-3,
When an assumption of normal distribution is made with respect to sample {yj} ,
in order to verify advanced hypothesis F(y)nB(my, Cy) one must perform the
following estimates:

figure an estimate of mathematical expectation and standard deviation
of experimental sample {yjl

my= By o= Biy—mip

with the aid of distribution tables [18] of Laplace functions ¢(y) and find
probability Pj of appearance of the value of a random quantity at each
interval;

determine the number of degrees of freedom k=1-3, where 1 -- number
of intervals in the sample;

choose level of significancep, that is, probability of erroneous rejec-
tion of a correct hypothesis of distribution. For solving this problem we
assume P =0,05-0,1;

determine empirical statistic

1 mj— NP}
w=2 NP}

and according to the tables in [15] calculate quantity Pix'> Xs)g

If table value P (x*) > b', then the hypothesis of normal distribution
of [yj} is correct.

In addition to testing by criterion %2 one estimates the degree of difference
of actual distribution from normal.

The degree of deviation of actual distribution from normal is determined by
moments of a higher order,
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If distribution of tyj] is normal, then the following relations are valid:

mean absolute deviation

b EUV=m1) _ 0 7978;

oy
coefficient of asymmetry
—ry |9
v
coefficient of excess

A=E y—my| =0,
o .

In order to determine the degree of deviation of actual from normal distribu-
tion, one must calculate statistics

1 .o
5‘= No; zly[_mﬂli ,
* l 3. l . (5‘2)
¥y= Noy® zly/—myl’. A= Noy' 2|y/—my|‘-

Comparing calculated statistics (5.2) with the critical values contained in
Table 5.1 [28], we can determine in which characteristics actual distributions
differ from normal.

Table 5.1.
a
— Critical Value i
N 8 v Y
B=0,5 p=0,1 B =005 B = 0,1 B=005} Bm01
10 0,907 0,89 0,862 1,136 —_ —
20 0,90 0,877 0,721 1,116 — —_
30 0,882 0,862 0,661 0,982 — —_
40 0,870 0,852 0,687 0,869 — —
60 0,865 . 0,848 0,633 0,787 4,92 4,01
60 0,859 0,843 0,492 0,723 — —_
70 0,854 0,840 0,459 0,673 —_ —_
80 0,852 0,838 0,432 0,631 —_ —_
90 0,848 0,833 0,409 0,596 —_ —
100 0,846 0,834 0,389 0,647 4,70 3m

Figures 5.2 and 5.3 contain histograms of combustion chamber pressure for
controllable and uncontrollable motors without generator gas afterburning.
The histograms are constructed in coordinaces
[
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and normal distribution curve | A
(p(Az)=-——Vﬁe T,

—n

NTE % a0z A% 1% 218 2

Figure 5,2, Histogram of Combustion Chamber Pressure Distribution for a
Controllable Motor

o

18 12 06 02 36 12 18 z

Figure 5.3. Histogram of Combustion Chamber Pressure Distribution for an
Uncontrollable Motor

Statistical characteristics of normal distribution of parameters are deter-
mined by many factors. However, processing of statistical data indicates that
coot-mean-square deviations for different motors vary within narrow limits

wnd only differ substantially for controllable and noncontrollable motors.

Table 5.2 contains results of processing of statistical data of distribution
of operation parameters of motors without generator gas afterburning.
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Table 5,2
1 2 - :
Tlapauerp paGouero npouecca TRU ROMraTonA o* P Ar
APerynupyeMun 0,21—0,57 | —0,123 | —0,607
Dabnenne B Kamepe ABH-
ravens, px 3 5 Heperyan- | 2,12—4,0 - —

pyemuit

4, Peryaupyemun | 0,32—0,8 -0,3 -0,46

TaraP 6

5 Heperyan- 2,43—4,76 | —0,2 —0,6
pyeMuil }

Peryaupyemntt | 2,62—2,69 [ —0,15 [ —0,72
4 " edE) '

CooTHOWeNHE KOMNOHEHTOB
B Kamepe euratenn, K g

Heperyan- 1,22—1,63 | —0,28 | —0,82

5 “pyemd
Key:
1. Operation parameter 6. Thrust
2., Type of motor 7. Ratio of propellant
3. Combustion chamber pressure components in combustion
4, Controllable chamber
5. Noncontrollable

The table contains root-mean-square deviations relative to mathematical ex~
pectations

&= Z1%].

It follows from an analysis of the figures in Table 5.2 that .operation
parameters are distributed according to the normal law with slight negative
excess. As could be expected, there occurs a considerable increase in
precision of operation of controllable motors; root-mean-square deviations
of thrust and combustion chamber pressure in controllable motors are an
order of magnitude less than in noncontrollable.

5.2. Statistical Characteristics of Precision

Under operating conditions all disturbing factors are random quantities
pertaining to employment of a specific motor and moment in time.

Statistical characteristics can be obtained for disturbing factors:
mathematical expectation Mx4» root-mean-aquare deviation @ y., and cor-
relation coefficients ry g, (Ch., 2). If these characteristics are not
known, mathematical expectation is assumed equal to the nominal value of
the disturbing factor, and root-mean-square deviation is determined on

the magnitude of the maximum deviation. For the normal law of distribution,
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root-mean-square deviation is linked with maximum deviation §xyp by relation
o, = Ax,x/2,7, and for uniform distribution ¢, = Ax,/2,45.

Calculation of the statistical characteristics of engine precision presup-
poses determination of operation parameters which will occur under all
operating conditions, that is, with specified statistical characteristics
of disturbing factors.

Statistical characteristics are calculated with the following simplifying
premises: operation characteristics are random functions with the normal
law of distribution at each and every point in time and are linearly
dependent on disturbing factors.

Let engine characteristics yj be determined by a functional relation of the
type _ ) .
y/ =Y (ylt !/,. DR yN: x.l' x‘. T X‘).

where vy = operation characteristics j=1, N xy == disturbing factors i=1, K.

Then, possessing mean values my, and my, of quantities y4 and x4, one can
y i J i

obtain value

h|

7]
Yy=my, + (?:Tl) (21— my), (5.3)

where z=y, x, while derivatives are taken at point my , my . In the
general case the mean function value may not coincidejwithithe function value
from the mean argument value; this is evident from relation [6]:

m=miQ(ty ts . . » I} =0 (my mg . .., my) A,

where m; -- mean value of random quantities ty; & -~ correction for non-
linearity of function P

However, when linear functions are examined, & =0, According to the in-
dicated observation, :

my, = f(!;lp 3;. ) "EN; ;1- Ep LN x-k)' (5")

Linearizing the equations, from relation (5.3) we obtain

N *
Yooty = 3 o 6.5
where =1 =1
—m ' Xy — m,
by; = Yi v . by =___m‘_‘_.

The solution of equation (5.5) is contained in Section 4,1 (4.4)

k
éyl = ZICUGX(. _(5-5)
fm
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Proceeding in equation (5.6) from relative deviations to standard deviations
and utilizing the theorem on summation of standard deviations, we obtain

h -~
%= ‘/-tglcgl &+ 2@.0’ WGy, 2,900 ©7)

where % =a/m.

The coefficlent of correlation between operation parameters 1s determined
by relation

1 \!
rU/- [T aylu"k [ ZAC/IUI«. loi‘ +

+ E‘(C 14Cis -+ CsCis) Ox,OxyTxp x‘] , (6.8)
s

where the symbol I signifies that the sum is composed of combinations
s#t

(CytCas + CysCat)s taken from set Cyis for which there is a cor-
relation between disturbing factors,

In a case where disturbing factors are not correlated (rXi, xk=0)’ equations
(5.7) and (5.8) will assume the form

- 2 (™ \? 4
0”/ = Z C[, (Tn—) 0_\,‘ H
i=1
. 6.9

1 2
Tvp o= e E C/iCuioye
=l

The value of the operation parameters which a motor will have under any and
all operating conditions will be determined as follows:

Yy=my, £ 30, (5.10)

Thus, depending on available information on disturbing factors and the
stated objective, two problems can be solved:

determination of the values of operation parameters for concrete con—
ditions of operation and for a specified motor [formula (4.4)];

determination of the probability values of the parameters, that is,

values of operation parameters under any conditions of motor operation
[formula (5.10)].
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For comparison of the above-examined calculation methods, Table 5.3 con-
tains results of calculation of external and internal factors on the
operation parameters of a coded engine.

Table 5.3
Bup pacwera (1) Mok mp Py n
. Pacuer mo ypasuensio 0,2 0,32 0,15 0,03
4.4 5!!/%2 .
(3 Pacuer 5}11 rep x = 0, 0,092 0,5 0,06 0,042
ypasuenne (5.9) 5" )
Pacuer ¢ yuerom kop- | . 0,04 0,42 0,032 0,02 -
peasiunonHol  MaTpuum .
(Taon;p.ax ypaBliense
6.7 9y (5)
Peayabratat  o6pabor- 0,06 0,04 0,02 0,01
Kit ' JaHHBIX HCOHTAHHA .
oy (6)
Key:
1. Type of calculation 4, Equation
2. Calculation on equation (4.4) 5. Calculation taking into
3. Calculation with account correlation matrix

(Table 2.3), equation
6. Results of processing test
data

It follows from an analysis of the table that calculations taking into
account correlations between disturbing factors ensure the least error in
comparison with experimental data.

5.3. Conditions of Engine Efficiency
5.3.1., General

In the general case engine failure is a consequence of disturbance of
specific conditions, which are determined by the demands imposed on opera-
tion parameters and charac.eristics. The conditions of efficiency are con-
Aitions of failure-free operation expressed in the form of inequalities.
\11 efficiency conditions can be subdivided into two groups: internal and
external.

Internal efficiency conditions are those fulfillment of which is essential
for an engine to operate; they include balance equations for flow rates,
outputs and pressures. External conditions of efficiency include specifica-
tions for operation parameters, proceeding from the requirements of economy,
controllability, and reliability.
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In general form conditions of efficiency are written as follows:

- y1®yj€yz or in normal form yi-yl) 0; yo-y1% 0; ’1(}:j )=yj-y1 and
’Pg(yj)=y2-yj are called functlons of efficiency,

One can list a large number of efficiemcy functions for motors. Only a
few quantities among efficilency functions are determined, without random
components, These quantities are characteristics determined by topological
design properties (number of turbine blades, pumps, number of injectors,
physical constants, etc).

The overwhelming majority of parameters (y;) in efficiency functions are
random quantities or functions, and therefore functions of efficiency are
random,

In the general case operation parameters y; can be viewed as a load acting
on the structure, and allowable limits of change ys=Y —— as strength or
carrying capacity. Both vy and Y are functions of disturbing factors x4
and time T,

In this case functions of efficiency will be written in the form

Y (T Xy Xay o os %) <Y (ty Xy Xay oo n Xp)
or

B () =9,() =Y, ()<

where j=1, N -- number of functions of efficiency; 7,-"_.] —-—- allowable level of
efficiency;

Yj=0 or a finite quantity; (') = (Tq, %1, Xay oer %)
Conditions of efficiency will be disrupted when ’*.‘ »0.

The probability that all conditions of efficiency will be met, that is,
failure will not occur, is determined by the equation

‘Pl(’):?l | ?‘ 7. Vi
P()=Bep) WIS = T R
2 —0) 00 00
o () < D o
VN N o) — o) -—
y Iexp[—g%EDuW'() Z,lsv,() w)}d%_”dw (5.11)
_2 ey L7 7]
D ={ry,y].
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Determination of the probability of fulfillment of conditions of efficiency
presupposes calculation of multivariate integrals of distribution.

An approximate solution of equation (5.11) is contained in [6], consisting
in the following,

One determines the probability of fulfillment of each individual condition
of efficiency Py (?170).

The probability of fulfillment of all conditions of efficiency in the
aggregate is determined with equation

N N .
P(‘P>0)=’E, P+ [1",.,,.—}_]l P,] Kn, (5.12)
where P, m=minP, -- the minimal of values Py;
1<j<N 9
Ky =+ 2 arcsinry, ;i
ce= N(Nz— 1) ,

where N == number of conditions of efficiency; ry, 3 = coefficient of cor-
relation between conditions of efficiency.

Obviously if conditions of efficiency are independent

N
(rg, §=0), then Ky=0 and P(v})o)sjr\l Py

If ry, j=1, conditions of efficiency are written linearly, then P(’)O)-Pj, me
5.3.2. Conditions of Engine Efficiency. Parametric Reliability

parametric reliability is defined as the probability that engine parameters
will fall within limits prescribed by technical specifications.

Parametric reliability in design can be determined not for all operation
parameters, but only for those which determine the economy and efficiency
of an engine design, These parameters include, first and foremost, specific
thrust impulse, combustion chamber and gas generator pressure, ratio of
propellant components in the gas generator, combustion chamber and gas
senerator wall temperature. In conformity with this, one can write the fol-
lowing efficiency functions:
b, =1y —1,.3>0 pe=K;— K>0;
q’p"=px.x—px>0; Wp”.spﬂ'.g—pﬂ‘>0;

Yre, = ch.a —Tee> 0,
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where subseript A designates allowable parameter values prescribed by
technical specifications,

All the enumerated parameters are random quantities for a specified point
in time,

In analyzing statistical characteristics, ‘Yj and ij are determined for
them,

Allowable parameter values are prescribed by technical specifications, and
therefore they can be considered determined, that is, €ym=0. In the
general case, when yj and yiA are random quantities, and under the condi-
tion that they have normal laws of distribution, the probability of fulfill-
ment of r'j condition of efficiency will be determined by the equation

Py >0 = [ o(p)dp=05+0 ) (5.13)

where Q(’Q;) -~ distribution function of "_13 ¢(zj) -~ Laplace function;
®(—2)=—D(2); z= My, [Ty,

Since an efficiency function is a superpositionof two normal functiouo

P(yy) and P(yj), then

My, =My —my,;
2 2 (5.14)
%=V 0+ ha— Ly sy
Where I’-“‘Pp Prrs K. T", ly.
If there 1s no correlation between ¥4 and Yia ("l' = 0) then

-l/" T L o3
Oy, = oy, + oy,

Obvious consequences follow from relation (5,13):

a) when my, = my 0 ® (z) = 0and p W, >0) =05
b) when  my, <my, DE)>0  and P(¥,>0>05
My, > My 5 D)<0 and P(¥,>0)<05.

¢) when

5.3.3. Condition of Reliable Combustion Chamber Cooling

As an example we shall examine the condition of combustion chamber wall
temperature efficiency.
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In the general case the combustion chamber of a ZhRD consists of two con-
centric shells. A propellant component moves between the outer and inner
shell, absorbing heat from the inner shell, which is heated by combustion
products,

With unsatisfactory cooling, the inner wall of the combustion chamber can
burn through, with subsequent failure, :

A condition of reliable cooling is
Q. == -Qn - Qo|I < Qp (5-15)

where Q, ~= quantity of heat accumulated by the system during operation;
Qy -~ quantity of heat conducted to the wally Qpr =- quantity of heat
removed by 1iquid coolant from the wall; Qg -- allowable (eritical) quanti-
ty of heat accumulated by the wall material.

Quantities Qi in the general case are random functions of the wall co-
ordinates an% operating time, In addition, Qj depends on other random
arguments,

For cxample, Qg depends on rate of flow, ratio of propellant components
and other factors. Qu,r depends on rate of flow and thermophysical proper-
ties of the cooling propellant component and its flow conditions in the

coolant jacket; Qg is determined by the mechanical properties of the
material,

We can demonstrate that condition (5.15) is equivalent to the following
TTy, or
$r=Ty(x, 2,0, 2)—T(x, 42 >0, (5.16)

where T (+) -~ inner shell heating temperature; TA(') -~ ghell critical
temperature.

The process of heat exchange in the combustion chamber takes place as
ferllows, Heat from the combustion products is conveyed to the walls as a
result of convective and radiant heat exchange, spreads in the walls due
to heat conductivity, and is further conveyed to the 1liquid coolant.

Gas wall temperature T is the principal characteristic on which one judges
cooling system efficiency.

“‘otal specific heat flow under steady-state operating conditions, transferred
.o the liquid [5]:

Te—T.
%=L'."i=um.

ar ' ax ' A

where
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temperature of liquid;
O = 40,!;10'”D-1‘” oy (x)

coefficlient of heat transfer from gases to wallj;:

0t = 270 (51) (0% = e (1)

coefficient of heat transfer from wall to liquid; J:)\ ~= wall
thickness and coefficient of heat conductivity of material; Dy -~ equivalent
diameter;

Tr = To+ ecoTtar,

Te =~ calculated temperature, taking into account heat transfer by radia-
tion; Tg ~- gas stagnation temperature; x -- coordinate coinciding with com-
bustion chamber generatrix, figured from induction manifold.

For steadv-state operating conditions and specified combustion chamber
geometry, Tg is independent of x, and wall temperature changes insignificant-
ly lengthwise, ‘

Therefore change in convective heat flow alonf combustion chamber length
1s determined chiefly by chamber diameter (D~1:82) and reaches maximum
value in the nozzle throat area.

Wall temperature depends on thickness, and it can be determined as follows:

TymTrg—(Tea= T 5 =T 2 (6.17)
where 0¢ z¢d ~- wall thickness coordinate; Tx.n=7‘,,+-°i:-‘-' -- wall

surface temperature on coolant side;
Ttn= Tx + 938 -- wall surface temperature on gas side.
o T
Allowable wall temperature value Tp 1is approximately determined
Tg':‘Tr.g_X(Tr.n_ x.;)v . (5-18)
where Tp @ and T, g-- allowable wall temperature value on the gas and
coolant side respectively; -- delta function, % =0 when z=0;2 =1 when
z= §. Quantity Ty g 1s determined by temperature of thermal decomposition

or coolant liquid film boiling temperature. Probability of reliable com-
bustion chamber wall cooling is determined by inequality

P(:>0)=P{Ts(x) - T(x2) >0} (5.19)

Determination of P(J 7>0) is performed as follows.
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Several points must be selected on the combustion chamber surface. However,
since a maximum heat flow takes place in the nozzle throat area, ome can
1imit examination to checking reliable cooling of just this area. On the

z axis (wall thickness) one should examine two points: z=0 and z= § .

In this case (5.19) breaks down into two:

' Py=P[Tx(0) = T (#ups 0) >0 = P (yr, >0l } 5.20)
Py== P(T3(8) = T (%up) 8) > 01 =P (br, > 0).

The sought value P(;to 4%0) is determined by formula (5.12), which for N=2
agsumes the form

Plir>0) =Py-Pyt- (P — Ppy 2 arcsinry, v, (6.21)

For normal distribution

Py=P(4r,>0)=05+40(z), (6.22)
Where ¢ (z4) -- Laplace function;

ZI = -7-.”_?’ .
! 5.23
{”=Tr" } T&I“"'f;.u
2. =0: N ogm e
0T, = O, . when 2z=0; ag‘nl=°27x.; when z= ¢ ;

Trwo Tam Or, 5 07 -- are determined from reference or experimental

xR
drta. Ej and o‘Tj are determined from heat exchange equations with fixed

values xj and zj.

— - q: (6—3)_
(=T 2)="Ten+ A = (5.24)
§—2\ 2 9\ 2, [ 92 ¢% _. ’oz
dz’/’“’xn"’( 5 ) "x+(T) “‘+[x(6 z)] i
Tt Tw .
gz= 1 I 3 ’
where —f— =

0’ o2 &3
1 1 2| & 0 [} A2 ).
03:=§,—(03',+0’r,) +54x(#+?+?0§.+aﬁ‘ [ - H
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—r - ™3 T

The quantities in the above relations contain mean values Ty and standsrd
deviation 62'1‘ Some of them are primary and are obtained from reference

data, while otﬂers in turn constitute functions of random arguments t, T

0!
w, etc,

The correlation coefficient between functions y T and ? Ty is determined
from relation 1

r 99117, + Or a0 i, Ton (5.25)
N ERTAL RN

To determine quantities r 7, and Iy we employ expressions for
T and TA . Tl 2 IA ’ Tzna.

) 2 2
= 7’7_,0-17 (ai07, + amag+ -+ )

where

5.4. Regression Analysis of Precision

The methods of analysis of statistical characteristics presented in the
preceding sections do not always make it possible to establish an
analytical relationship between engine parameters.

For example, it is extremely difficult to establish an analytical relation-
ship between specific thrust impulse, combustion chamber pressure, and
propellant component ratio. In such cases it is sufficient to link system
input (k, pg) with its output Ij, without examining the intermediate
physical processes. For this one employs a method of regression analysis,
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based on description of surface of system "Output" response to "Input"

in certain vector space. Let us assume we must determine the dependence
of index y (operation parameter) on several factors [xi « The type of
function y=y (xﬁ is not known in advance. The function is represented by
a series

y=bo+ X x4+ X byxixy + X bkl 4 o, (6.26)

where by, bjj ~- coefficients of regression, determining the degree of in-
fluence of factor x4 and thelr interaction xiXy on output index y.

Determination of regression coefficients by, bij -= 18 the principal prob-
lem which is solved in regression analysis. Coefficients of regression are
determined on the basis of experimental results, The method of regression
analysis is widely employed for experimental establishment of interrelation=-
ships between characteristics of complex systems. There exist a number of
restrictions on their employment, however, the principal of which are the
following.

1. Results of measurements should follow the normal law of distribution,
2. Error standard deviations should be constant,

For motors operating under steady-state conditions, the above-enumerated
conditions are met.

Most frequently multiple linear regression is employed in analyzing motor
static characteristics,

Let us assume that a priori data enable us to state that the input
regression equation has the form

Y=bo+ bty + boxy + -+ + bxy (5.27)

The adequacy of equation (5.27) to actual operation is determined from the
results of the experiment shown in the Table 5.4.

Table 5.4.
y 1 X3 X3 *y xx n
17 X35 X31 Xa1 X v Xkt Ry
O %13 X33 Xss T X e Xk ny
Yn o | v sy wo| o} iy
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To solve the adequacy problem we must determine statistical estimates of
coefficients by according to results of observations (Table 5.4).

In conformity with Table 5.4, we construct a system of equations

bo¥or + byxyy ++ bos + ++ + - byt = gys
boXoa + bixia - by -+« - bitis = g (6.28)

boXon + bixan + baxaw + « + + - byxey = Yy,

)

where x01=1 .

Estimates of coefficients by are performed utilizing the method of least
squares, In conformity with this method, to obtain an optimal approximation
of regression equation (5.27) to experimental data (Table 5,4), the follow-

ing condition must be met:
N

S=‘Z (Y — boXo ~ byxy — ++ « — byx,)* = min.

To meet this condition one should equate to zero partial derivatives by by,
as a result of which one obtains system of equations

5 e Bty bbbt byl =0
%s:=_22'"[y_(bo+bxxx+"'+bx,)x,]=0; (5.29)

......................

From system of equations (5.29) it is not difficult to obtain a system of
equations with reference to bj:

b Batby Bnxy 46, Brxyd b By = By

bo Xy nxv by X X3 by Xy nwixy -+ oo - by N narwe =
= nay; (5.30)

.........................

bo X axe - by X} nxexs+ by X nxaxy 4 - oo by 3 ne? =
C =Yy

From the first equation of system (5.30) foilows

bo=yf — by — by — -+« — byXy, (5.31)
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where

taking (5.31) into account, regression equation (5.27) can be written
y=y+bla — %) 4 by (¥ — Xo) -+ oo by (% — %), (6.32)

If we designate Ay=y—p Ax=x-% equation (5.32) will

assume the form

Ay = by Axy + bgAxg + ¢ + byAxy (6.33)

Taking into account the relations of (5.31), system (5.30) 1s reduced to
the form

b D nAd 462 D ndn Axgt oo e
4 by X nAx Ax,= Y nAx Ay;
b XnAnAn+by Y nAGf e+
B +by X nAxy Axy= 2 nlx; Ay, (6.34)

by R nAx Axy by N ndx Axy -« oo +
+bx R nAxi= Y nAxAy.

We shall insert into system (5.34) paired correlation coefficients

Y nbxAxy Y ndx oy
fx‘,xl=—NbW-, f”,;‘=m—,
whnore '
i=lv-k-r i=l'—k:v i#:t, N=2ﬂ,
we cbtain

2 T =
- bl";r1 + b20'xx0x,’ EXEN e bko‘,aﬁ’ XXy = 1
= Ix, YOx 0y
2
Vx, + b2°x, e bk“xguxkfx’. x =

= Ix,, y920

blo,lo,’rﬂ

(5.35)

2
bquldxkfxl. x, + bqu’qx"x’. z, e bkox* =
= ka, Wx.dy-
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Coefficients by of system (5,35) are determined by the ratio

LY

=3 (5.36)

where

0} 0,0,.r
f OnOnglag, a0 OxOnfy oy
2

o, TR X -
1]

o3,
Ay -~ additional determinant,
Coefficients of regression by depend on correlation coefficients ry and

b3
root-mean-square deviations, The adequacy of regression equation (5.2%) or
(5.33) 1is tested by Fisher's criterion [28]

F=w—x, (6.37)

aja,

where

N .
ot = DM

If value F, obtained with formula (5.37), is less than critical value Fps
with a specified confidence coefficient, the regréssion equation is
adequate to a real process.

Values Fyp are contained in Table 5.5: ky=N-1; kp=kj-1 when §=0.1,

We shall examine the method of calculating regression coefficients with a
concrete example. Let us assume that as a result of tests we have ob-
tained an experimental field (py, T) of combustion chamber pressures and
propellant component temperature as indicated in Figure 5.4.

Table 5.5, =

&y
[ 1)
1 2 3 4 5 7 10 15

1 161,0 { 199 216,7 | 224 230 27 242 246

2 18,5 19,0 19,1 19,2 19,3 19,3 19,4 19,4
3 10,1 R 9,3 9, 9,0 8,9 8,8 8,7
4 7.7 6,9 6,6 6,4 6,2 6,1 59 5,8
3 6,6 5,8 5,4 6,2 5,0 4,9 4,3 4,6
7 5,6 4,7 4,3 4,1 3,9 3,8 3,6 3,6
10 4,9 4,1 3,7 3,6 3,3 3,1 3,0 28
15 4,5 3,7 33 3,0 2,9 2,7 2,7 2,4

103

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP382-00850R000100080028-2

FOR OFFICIAL USE ONLY

A regression equation is sought in the form

px = b+ byT.

To reduce the volume of calculations it is convenient to break down the
axes of pressures and temperature into intervals A py and DT and to
present the results in dimensionless quantities Pk and T',

lAnal
14
o [ ]
15 . . o
1 0 @ g. ®|e% |00
o oo 0.
P L2 P [}
257 277 29y X

Figure 5.4. Experimental Relation py=pyg (T)

One selects base values pg os T0s for which one adopts nominal quantities or
midpoints of measurement intervals. Let pk.o=15.25 MPa, T=5 K, The value
of interval hpk=0.5 MPa, hT=10 K. Then dimensionless quantities p’k and

T' are expressed with integers 0, 1, 2... m.

Experiment results are contained in Table 5.6.

The number of experimental points in the intervals is indicated at the inter-
section of the lines and columns.,

Mean dimensionless quantities

’ N\
- _Z‘_"N’ﬂ’i=_2-=o,053; F Y nrT -

7
Px = 38 N 'ﬁ=0'184'

Mean dimensional

Px = Pr.o + Pihy, = 15,25 + 0,063.0,5 =
= 15,28 Mlla, T = Ty + T'hy = 5 + 0,184.10 = 23,4 K.

Root-mean-square deviations of dimensionless variables

np, (P2)° , 48 _ .
o = l/ Lol Gy ) B o 0500= 1,12
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o = l/ LI . VI 018814
Op, = h,“op; =1,12.0,6 = 0,66 MIla;

Ore= hOp = 104 1,4 = 14 K,

1"
-2 | =] 0| 2
Px ap, AT "oy "pk":t ", (p:()2
((—_2%;- (-100)+ oﬁ}O 1010 | 2030
—2 | 14—145 | 0 0 0 1 2 3 | -6 12
—1 | 145-15 | © 0 3 [ 3| 3 9 9 9
0 | 16166 | 2 | 3 1| 6| 3 14 0 0
(16, 25!
1 16,6—16 | 2 2 2 1 0 7 7 7
2 | 16—i65 | 3 1 0 1 0| 5 10 20
np 71 6] 6 11| 8 |N=38Y=2| V=48
nT' |~ —6| 0 [1]|16]|N7
np(T) | 28 6 ol |32 | N
} P oo Pul | =16 —4 | 0 | —2|—14] V36
Correlation coefficient
o DT —Np T _36—38.0,53.0,184
Do T == =—m=nizis ——06L

Nop. [
1.

From system (5.35) coefficient by is determined as follows:

b=

o,

Opy

—

T

=—0,61
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In conformity with (5.32) we have py=py + by (T-T) or
Py = 15,28 — 0,024 (T — 23,4) = 16,84 —0,0247.  (5.38)

As was to be expected, the dependence of combustion chamber pressure on fuel
temperature is slight, .

We shall verify the adequacy of equation (5 38) to an actual process ac-
cording to Fisher's criterion

5
)l.‘. (Px; — D)

0} = =28 _ 212
%G _ o2
F=g =% =037
Py

From Table 5.5, when ky=kj=4 we find Fk =6.4, Since FCFyp, the regression
equation is adequat:e to an actual process.
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- Chapter 6, TUNING AND ADJUSTING MOTORS

6.1, Tasks and Methods of Tuning and Adjusting

As a result of the operation of internal disturbing factors there occurs
deviation of the operation parameters of a concrete motor from nominal
values, that is, reproducibility of operating conditions is disturbed.

Variants of operation process parameters leads to an increase in the field
of rocket trajectory dispersion, decreased accuracy and range. In addition,
an increase in parameters spread also leads to narrowing of the area of
stable operation and complicates rocket control as a consequence of the
occurrence of additional disturbing factors.

To compensate for the influence of internal disturbing factors and to in-
crease rocket accuracy and range, engines are tuned and adjusted to nominal
rating, that is, nominal values of the principal engine operation parameters
are secured by selecting the requisite characteristics of components (con-
trollers, throttles, reducers, jets, etc) contained in the propellant com-
ponent line,

Tuning and adjustment designates a complex of calculation-experimental

work ensuring securement of specified operation parameters by means of one-
time influence on several engine characteristics. Tuning and adjustment
should optimally ensure meeting tactical-technical requirements placed on an
engine in respect to principal parameters.

Since engine operation is characterized by a substantial number of parameters,
- tuning and adjustment ensure acquisition of specified values only of those
parameters which affect a motor's economy, efficiency, and controllability,

The concrete tasks of tuning and adjustment are determined by the specific
peculiarities of the design and by the motor's specific purpose and operating
conditions,

For example, if an engine is designed for a booster, its tuning and adjustment

do not involve any particular labor, since in this instance tough demands
are not imposed on precision of engine operation.
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If an engine is designed for ballistic missiles, which should be highly
accurate in hitting the target, high demands are imposed on tuning and
adjustment, Tnis 18 primarily for two reasons,

A high degree of varlance in ratio of propellant componenty results in
decreased economy (specific thrust impulse) and increased guarantoed fuel
residue in the tanks, and consequently an increase in mass at launch,

With a large variance of total propellant consumption (thrust), rocket control
{s made difficuit as a consequence of the occurrence of additional dis=~
turbances affecting the control system,

The cconomy of an engine is characterized by specific thrust impulse, which
for a given design and specified propellant is determined primarily by com=
bustion chamber pressure and ratio of propellant components.

Thus securement of the following condition constitutes the first and basic
task of tuning and adjustment:

P..,Hl;.d K;"‘ K’o
where j == engine number,

The conditions of efficlency depend on engine design; there is a large num-
her of possible engine layouts., 1In a motor with a pumped supply system,
turbine efficiency is secured with tuning and adjustment. This is due to
the fact that gas with a high temperature and pressure is acting on the
turbine blades,

Since the turbine blades are not cooled, they can burn out with a gas tem-
perature and pressure deviation from the specified values, The temperature
of the gas passing through the turbine blades is determined by the ratio

of propellant components in the gas generator.

Tuerefore the second task of tuning and adjustment is that of fulfilling
condition
K" =K"
j .
In multiple combustion chamber propulsion systems there occurs a thrust
spread relative to the axis of the rocket (eccentricity of thrust) due to
a spread of operation parameters. As a result the rocket becomes difficult
o control in the flight trajectory. Therefore the third task of tuning
ind adjustment is securement of the following condition:
Pj—i,
where j -- number of combustion chamber.
In additfon to the above-enumerated tasks, in certain cases there may be

other particular tuning and adjustment tasks, such as ensuring a specified
turbine shaft rpm, specified pressure in the tanks, etc.
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Depending on the features of propulsion system design, conditions of tuning
- and adjustment can be as follows:

8) Oimoy == Bty == 0, 8K* e 0;

6)6K' =0, 8p, = 0.
In the first variant combustion chamber pressure is not directly adjusted,
However, due to securement of nominal rates of flow, it is close to rated
pressure, The method of adjustment is selected taking into account the
features of the propulsion system, its specific purpose and the adopted
testing system, It can be individual and statistical, depending on the
method of obtaining input data for tuning and adjustment,

Input data for individual tuning and adjustment are results of shop tests on
all engine components and asgemblies, as well as propulsion system tests,

Input data for statistical adjustment are the results of tests on preceding
engines, averaged over the full number of tests,

Tuning and adjustment is broken down by process cycle into "KTIHKVI" adjust-
ment and adjustment with KVI,

The first type of tuning and adjustment includes the performance of process
monitoring tests (KTI) of each motor on test beds, and selective monitoring
tests (KVI) of a motor selected at random from a batch, which 1s tested to
determine that principal characteristics are in conformity with the require-
ments of technical specifications.

"KTI+KVI" tuning and adjustment is individual as a rule and contains the
following stages:

motor tuning and adjustment for performing KTI;

process monitoring tests;

tuning adjustment;

gselective monitoring tests.
Tuning and adjustment with KVI can be both individual and statistical.
6.2, Individual Tuning and Adjustment
6.2.1, Input Data for Tuning and Adjustment

Input data for tuning and adjustment include specified (nominal) operation
parameters and component shop test results. ’
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Nominal values are specified for those parameters to be adjusted.

These parameters include the following:
combustion chamber pressure Py
propellant component rates of flow into combustion chamber ;u;
ratio of propellant components in gas generator K",

1n addition to the above-enumerated parameters, external disturbances are

also specified for ensuring identical conditione for tuning and adjusting
all motors: pressures at pump inlet Po.oxs Po R and propellant com-

ponent densities Pok and Pr

Following manufacture, each component is subjected to independent (shop)
tests, during which individual characteristics are determined.

1, Hydraulic characteristics, Testing determines pressure losses:

a) in lines from pumps to combustion chamber Apy, Ap:

b) in combustion chamber cooling jacket Ap

¢) in lines from pumpsto gas generatorA'ozz' Ar‘;-)

d) valve hydraulic resistances Apyox APx.r
The values of all indicated losses are determined from the results of
running a liquid through, usually water, and liquid flow rate during this

test is specified from the condition of equality of hydraulic resistances
with water and the actual propellant component, and is determined with

the formula
'hl='hl v %:"

where ';'B’ ﬁwﬁ -- flow rates of water and propellant component respectively;

Pp» Py —- density of water and component respectively.
2. Pressure-flow rate characteristics of pumps at nominal angular velocities
r y=pu(m, n).

8 a result of pump testing, one detefmines coefficients A, B, C in pressure
characteristic equation pH-'An Bnnﬂ-Cm +pg or quantity tg ay, as well as
efficiency % y.

3. Turbine characteristics rj; and ry in power equation
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Nyes n(r -t ).
== Prpft |1y VW
6.2,2, Individual Tuning and Adjustment of a Motor Without Generator Gas
Afterburning
As a consequence of the fact that in a motor without generator gas after-
burning there is no direct link between combustion chamber and turbine

driving generator, adjustment of combustion chamber and gas generator can
be performed sequentially,

In this case adjustment prior to KTI is broken down into two stages:
adjustment of engine parameter for fulfilling condition
Bty = Bty == 0
by placing throttle disks in the combustion chamber lines;

turbine-pump adjustment (d'K"=0) by adjusting control devices or
installing jets in the gas generator lines,

Combustion Chamber Tuning and Adjustment

To fulfill condition 8ifox = O = 0 it is essential that
the pressures generated by the pumps have the following values:

p;. ox == 5; + 2 Apt ok p:. ok;
P e =Pt B 8P, —Po s

where XY Api, ;= Ap;+ Ap,. ) + B, -- total losses from pumps
to combustion chamber,

(6.1)

P

o >
A "
4 ¢ A
]

7

M m n
Figure 6.1. Similar Pump Conditions
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As a consequence of the influence of various internal disturbing factors
on the pumps, the required pressures at the pump outlets (6.1) will not
coincide with nominal values; otherwise there would be no need for adjust-
ment.

Thus the required pressures pﬁj can be obtained for nominal flow rates with
differing rpm. '

The required rpms n¥, and n¥ can be determined by two methods,
1. Equations of similarity. We know from theory of pumps that the follow-
ing relations are valid for similar conditions:

pa = pu(n/n)¥; (6.2)

m* = m (n*/1). . (6.3)

Line of similar conditions BC is contained i Figwe 6,1, For transition along
curve n*=const to the point of nominal conditions, one can utilize linear

approximation
Py= ‘P_n + (f;l — I-;-l) 1g a,, (6‘4)
where
fga, = ggL
B it
P

Substituting equation (6.4) in relation (6.2), taking into account (6.3),

we obtain
— . - ®\3
pi= [+ (1—5) tE o) (".r) : 6.5)
In a linear approximation, in the vicinity of point A one can write
. o5t
Apy= (7,.-) An,
where -
Opx=py—psi An=n—n*
f’%‘— -~ is determined from equation (6.5) for nominal conditions, that is,

when n-n*;

Bp’ 1 — -
T =Pt miga,, » TS
n* =7 (l —-_—"—;—"——). (6.6)
20+ mig ay
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From formula (6.6) one determines required n%. and n¥, ensuring pjf .. and

P, re

2. Pump characteristic, If the equation for pressure at pump outlet is
specified, the required rpm can be determined from obvious equation

Pir=pu+ Y, Apy, ) — Poy= A}’ + Bnjm, -+ om) + P (6.7)

Resolving equation (6.7) relative to n}, we obtain

T AT TSI Cr i W e
ny = 24, » (68
where j =K,

As a consequence of the fact that the characteristics of the lines and pumps
are different, as was already noted, njfni.. At the same time condition
nji=zn* should be met in the turbopump unit, where z == reduction gear ratio
(in a turbopump unit without a reduction figure z=1). The greater of
quantities n¥.and n§ is selected. Assume that n¥. nf. Then the pressure
produced by tte oxidizer pump will be equal to the required p .ok» and
pressure at the fuel pump outlet will be greater than require ps*’ Pi.e
(Figure 6.2), and rate of flow will be greater than nominal | *

20

3 ,n
\ ’ bar 24
M . /4
y)

AN i

\ o ol
\
N\
EI,IIIf II‘;., ﬂ;';

Figure 6.2. Graphic Determination of ‘*ﬂa

In order to obtain nominal fuel flow rate it is necessary to throttle down

the fuel pump, that is, place a hydraulic resistance, a throttle disk, in
the line beyond the pump.

The excessive pressure (throttle effect) which is absorbed by the throttle
disk is determined as

Apu = pale—Ppa. (6'9).
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where p -= {8 calculated with equation (6.11), while pﬁfr == equation
(6.7) with nenk,.

The diameter of the throttle disk of the throttled pump is determined from
the relation

PR Vg 10
y == 2 prm VQPAPI.IJ' (6 10)
B where k == coefficient of thermal expansion; ’( -= coefficient of flow

rate.
Coefficients k and pm are determined experimentally.
After installing the throttle disk, the combustion chamber together with
lines and pumps are adjusted to nominal py and k'. The motor, however,
has not yet been adjusted. Required pj and k! should be secured by
corresponding turbopump and gas generator operating conditions.
Adjusting Turbopump and Gas Generator
Under steady-state conditions operations for tuning and adjusting combustion
chamber parameters to nominal values should be performed with observance of
a basic requirement -- balance of turbine and pump outputs, that is,

Ny= TN, (6.11)

Oxidizer and fuel pump output are determined on the basis of the results of
combustion chamber tuning and adjustment and pump tests

Nym—mtLlo o (6.12)

- Turbine power is determined by the relation

= peent® [, — e ) 6.13
Nr Preht l’l V—R—T-.Fr ’ ( )
where ry and ry —- are determined from turbine tests.

Substituting (6.12) and (6,13) in equation (6.11), we obtain required gas
enerator pressure ensuring nominal rates of flow into the combustion

chamber _ _
. Py oxox P:, Mo 1
=\7 — 6.14
Pre (Pon‘ln. oKX + Plw. ¢ )n. (’l . nn ) o )
' VRTrr
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Requisite pressure drops in the gas generator lines are determined from
pressure balance equation

Apon = pi, ox = Pl .
- . ' (6.15)
Apt = pi, ¢ = pir.

Jets (throttle resistances) are placed in the gas generator line for adjust-
ment purposes, with pressure drop on the jets determined by the relations
Apw. ox = Apie— Api;
Apy,, = Ap;. — Ap;,

where  Apo, Api -~ gus generator line hydraulic resistances, determined
by tests,

Engine tuning and adjustment to specified parameter values is completed with
placement of jets in the gas generator line.

6.2,3, Tuning and Adjustment of a Motor with Generator Gas Afterburning

In motors with afterburning of generator gas there is a direct link between
operating processes in the combustion chamber and in the gas generator,

Therefore the separate method of combustion chamber and gas generator ad-
justment is not applicable here, A characteristic condition of motor tuning
and adjustment for motors with generator gas afterburning 1s

$m=0, dk=0.

One can influence operation in such motors by means of changing the

hydraulic resistance of three lines: the combustion chamber fuel oxidizer line
(depending on afterburning arrangement) and two gas generator lines. Since

a control (RKS control) is placed in one of the gas generator lines, the
control element is adjusted instead of placing a throttle disk (jet).

As a result of solving the problem of influence of external and internal
factors, we have knowledge of correlations which determine the 1link
between adjusted parameters, disturbances and line hydraulic resistances,
for which we take coefficients of hydraulic resistances of the throttle
disks and controls:

8K =‘2:le. xlal\'{ + Ck, ;“650,‘, w Ck. L ragm' e+

+Cr.y, 8.0 (6.16)
8px = 2 Cop. 580 + G, tor, u%ow. s + C,, 4o, O c +

+ CP,‘- & °6§p. o
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where £, { == coefficlients of line hydraulic resistance.

Since we have two adjustment conditions (5,', =0, 6K = 0) and
three possible actions "
880, ur Ow, v O8p. 00 one of the lines is

not throttled.

As a rule one adopts as unthrottled line the line of that component which is
fed entirely to the gas generator.

For oxidizing afterburning, for example, the oxidizer line is not throttled
R (8%, w = 0) , and for a reducing arrangement -- the fuel line (8%, = 0).

Fulfilling in system (6.16) adjustment condition (;;v' -0, & K=0) and
assuming, for example, 8w =0 Wwe determine unknown 6§ ty,n and

5€p.°.
bp CK-= . —bKCp W2
Ogm.r’f‘ L poA "D.O;
bKCpyo by, ¢ — bpCk, 5o 6.17)
6§p,u= ry ,
where

A = CK, 1y, Cour b0 — Cric . Ox.y, o

bK = 2 CK.Z‘GX"I bp‘ = Ele‘, glﬁx‘.

{mml

From coefficients of hydraulic resistances it is not difficult to
proceed to throttle disk pressure drops

Eu:.r =Em.r“ +65m.t);

.

m

Apm. r= Em. r"—-r .
Pr

6.2.4. Process Monitoring Tests and Tuning Adjustment
In order to check engine efficiency and to ensure that operation parameters
meet the requirements of technical specifications, each tuned and adjusted

motor is subjected to process monitoring tests.

KTI involves measuring a number of operation parameters, including those
for which tuning and adjustment were performed.
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When the values of the adjusted parameters (py and K) are not within the
1imits specified by technical specifications, the motor is retuned in order
to ensure nominal values during operation or KVI. Tuning adjustment follow=-
ing KT1 1s also necessary because motors which have been subjected to process
monitoring tests are taken down; some of the components are replaced with new
ones, which leads to change in characteristics.

Following are input data for engine tuning and adjustment:
measured values of adjustment parameters py, K;
measurement of pressure losses in motor lines with replacement of

components AApo, Adpy;

values of required losses on disks and jets obtained during initial
adjustment Ap gy -

For definiténess we shall examine retuning and readjustment of a motor with
afterburning of oxidizing generator gas. In this case the following are
retuning input data:

pl. l: KI; AAPM; AAP.-; Apm. r; App' o
The following system of equations is writteh relative to the parameters to
be adjusted

(o — Pr.w) = ap,, o0 (8pp.0.x — Bpp.0) +
+ s Py, r (Apu,r.x — Bpu, o) +
+ apn' Apo, gAAPOK + apxl APPAAPI‘;

= 6.18
(K— K,) =ax, 80y, (85, 0.x — Bpp, o) + 618
+ax, gy, , (Apu,r,x — Apu, ) +
+ ax, AP“AAPox +ax, AprA Ap;,
where App.oxr APu.r -- new values of pressure losses in the control

element and on the throttle disk.
System (6.1h) is resolved in relation to Apm,p. i and A Pp.o.k?

.. 80, 4 “App,o.x+ .. by, ,.Apm. k= dp,‘;

ax, p, OAPP. o.x +GK, Py, ,._Apm. rox==dx, (6.19)

where

5, = (Px — Pr.w) + Gpy, 85y, BPp.0 +
+,a0“- Py, ,Aput. r—ap,, APOKAAPOK = dp,, Aﬁ,AApr:

dy = ‘K— k") +ax. App, oApP- ot ax, Apy, ,.Apm. r—ax, Ap,,,‘AAPon'
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Values dp » dy are determined by nominal parameters and results of measure-
ments dur&ng KTT,

We finally have from system (6.19)

A dk - ﬂ’de .
Pp,o,x = a dq=a '
Pu 809,03~ Ko Mo (6.20)
A dp“ — a‘d.(
Pu vk = FTar e —ap o !
. Gk Py, 0 = 9Py Py, v

where

aK., py, v aPK- 8pp. 0

e e S N
Pre Pus,.v . 8y o

Selective monitoring tests (KVI) are performed following motor readjustment.
One randomly selected motor from a batch is subjected to KVI. If tests on
this motor indicate that operation parameters are within the limits specified
by technical specifications, the entire batch 1s accepted; otherwise it is
rejected,

6.3. Statistical Tuning and Adjustment

Analysis of results of tuning and adjustment indicates that with stable
production and a tested engine design, pressure differentials and dimensions
of the throttling cross section of throttle disks and jets lie within very
narrow limits for all motors of a given type. Therefore one can tune and
adjust motors in batches with disks of identical dimensions, constituting

a mathematical expectation from all preceding motors. In addition, this
method of tuning and adjustment does not require performance of KTI, and
therefore it is comparatively simple, economical, and is the only possible
method of adjusting motors which cannot be taken down.

For application of the statistical method, it 1s necessary to adjust the
first N motors according to the individual tuning and adjustment method.

The number of motors N tuned and adjusted individually depends on stability
of production and degree of finished development of design. The moment of
transition from individual to statistical tuning and adjustment is determined
as follows. :

Jor N tuned and adjusted motors one determines the mathematical expectation
f throttle disk area or coefficient of hydraulic resistance

N
DFw 3 -
M {Fm/1‘= IN or M [Eml] =-§F—‘ . (6.21)
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Individual tuning and adjustment is performed for N+l motors, as a result of
which one determines £y ,Tp, and the motor is tested (KVI or KTI).

As a result of the tests one determines deviations of adjusted parameters
from those specified by technical specifications #pk,y ,fl(n + Two equations
can be written for §K, , §pk:

GPK‘" = Z Cpu‘ "lax‘ + z Cp,p ‘ml ity TP; (6‘22)
0K, = Z Ck, ,‘5'\“ 4~ 2 Cx, b/ w, 1p* (6.23)

In like manner one writes equations for J\Pk.c and J‘Kc, which will be,
with statistical tuning and adjustment,

8pc.c = X Co,. x 0% + Y, Cp,. 0, M 188u); (6.24)
GKC = E CK0 x,6x1 + Z CKO th 'agm[]- ' (6‘25)

The first term of equations (6,22)~(6.25) is an unknown quantity and
determines the discrepancy between the required and expected (following
statistical tuning and adjustment) value of the parameter to be adjusted.

If we eliminate terms ICj, x fx, from equations (6.22), (6.24) and (6.25),
we obtain
6px.c = 8pe.u 4 Z Coy. Su/ (M (8w} — 88wy ) (6.26)
0K = 8K, + 2 C, by [M lbglull - 6§m[ rp} . (6.27)

If values ;Pk.c and JKC do not go beyond the limit established by the
technical specifications, all motors following N+l can be tuned and adjusted
by the statistical method.

In the process of manufacture, accuracy of tuning and adjustment is verified
with KVI, and when necessary it is adjusted as indicated above.

6.4, Comparison of Methods of Tuning and Adjustment
Two methods of tuning and adjustment are examined: KTI + KVT and KVI,

With the first method all engines are subjected to selective monitoring
tests. After these tests tuning adjustment is performed: each motor is
disassembled, components are inspected for defects, discovered defects are
corrected, defective components and single-use parts are replaced, components
are treated, and the motor is reassembled for performance of KVI and delivery
to the customer.

. Thus with KTI not only precision of tuning and adjustment is tested but also
the efficiency of each motor; hidden defects are spotted, which are corrected
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at the manufacturing stage, which in the final analysis leads to increased
reliability, This is especlally important at early stages of development
and manufacture of newly-designed motors.

The method of tuning and adjustment with KTI is highly precise. However,
alongside advantages, this procedure of tuning and adjustment also pos=
sesges gsome shortcomings. They include the following:

initiation of motor wear even before it goes into service;

considerable economic expenditures on testing, disassembly and
assembly of _1ch motor;

impossibility of taking down undisassemblable motors, etc.

Proceeding from the above, one can conclude that it is advisable to per-

form tuning and adjustment with KTI on newly-designed motors at early

stages of manufacture. This method of tuning and adjustment makes it pos-
sible to obtain a fairly large volume of statistical material ensential for
evaluating reliability, to spot latent defects at early stages of manufacture
in each motor and to correct them.

In the process of engine improvement and stabilization of production one
can eliminate KTI and perform tuning and adjustment with KVT (statistical
tuning and adjustment),

Let us perform an economic comparison of both methods.of tuning and adjust-
ment,

KTT + KVI Tuning and Adjustment Program

All motors without exception are subjected to KTI, From a batch of n* units,
one motor is subjected to KVI with subsequent inspection for defects and
destruction or utilization other than designated. The size of batch n* depends
on the stage of production and experience of the manufacturer. At early

st ages of production the batch size is smaller than for production in full
swing.

Tuning and Adjustment Program With KVI

Out of a batch of n motors one is subjected to KVI with subsequent in-
spection for defects and destruction. The size of batch n is determined by
*he same factors as for n*. It is also obvious that at early stages of
production ngn*, In the process of improving production the size of
batch n increases and approaches n*,

Let us introduce the following designations:

N -- volume of motor series, number of units;
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n* -~ volume of batch for KVI with tuning and adjustment with KTI;
n -~ volume of batch for KVI;

cr - cost of KTII on one motor;

cg =-- cost of KVI for one motor;

cp == cost of disassembly, inspection for defects and assembly of
motor following KTI;

¢ =-- cost of engine manufacture,

Cost of motor tuning and adjustment on KVI + KTI:

kT = (et + o) N - (0ot €3) ., (6.28)
Cost of tuning and adjustment on KVI program:
ek = (can + ¢g) —ﬁ- . (6.29)
Relative cost:
= _ OKTH __ 1
€= o —n(c+7). (6.30)
where v
= cTH+en
gy -¢x
z
L~
d B
4
7 /‘/ =z
, ¢e0!)
/
7 ]
/”/"
4 4 & 12 15 N

Figure 6.3. Relationship Between Cost of Tuning and Adjustment and Size
of Sample

Let us estimate quantity c. With KVI a motor is tested for service life
and conformity between principal characteristics and the requirements of
technical specifications. Motor operation and accuracy of tuning and ad-
justment are checked from KTI results., Consequently the cost of performing
KVI is greater than the cost of KTI due to a difference in operation time
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and propellant flow rate, cpy % cpy » For an approximate analysis one can
aBBuUme Cipyf HCpy

The cost of motor disassembly is less than the cost of manufacture, How=-
ever, with inrcrease in complexity of motor design and with employment of
aggressive propellant componente, the cost of disassembly approaches the
cost of manufacture,

For motors for which one can perform KTI without disassembly, c y =0.
Quantity c can vary within limits 0.,15¢c <1,

Figure 6.3 shows relation c=f(c, n) when n=20,

it follows from an analysis of Figure 6,3 that with an increase in volume
of sample n (as the plant gains experience and know-how), tuning and ad-
justment with KTI is economically disadvantageous, since cyrp%Cypy -

The volume of sample n, whereby outlays on both programs_are identical, is
determined from equation (6,30), if we assume condition c=1,

n‘
AT N
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! Seetion II, STATIC CHARACTERISTICS OF SOLID~PROPELLANT ROCKET
MOTORS

Chapter 7, OPERATING CHARACTERISTICS OF SOLID-
PROPELLANT ROCKET MOTORS

7.1. Solid Rocket Propellants and Principal Designs of Solid-Propellant
Rocket Motors

At the present time two principal types of solid rocket propellants (TRT)
are employed in rocket hardware: ballistite, and composite. '

Ballistite propellants are chemically based on organic compounds containing
the oxygen-rich nitro- or nitrate groups. Thus in a ballistite propellant
both the fuel |C| and IHl and oxidizer ]0| are contained within the struc-
ture of the same molecule, One of the main components of ballistite
propellant, which determine its mechanical structure, is nitrocellulose -~ a
product of nitration of cellulose. A second mandatory component is a
solvent (plasticizer). Nitrocellulose forms, together with the solvent, a
plastic, from which various-shaped charges are made by the continuous mold-
ing method.

Low-volatility solvents are employed in rocket propellants: nitroglycerin,
dinitrate diethylene glycol, and dinitrotoluene [22]., Propellants based on
these solvents are designated ballistite propellants., The above-listed
solvents, just as nitrocellulose, are active propellant components. Among
the solvents, the highest energy characteristics are possessed by nitro-
glycerin, which for this reason is employed considerably more frequently than
the others. In addition to these two principal components, additives are
added to a ballistite propellant, which ensure the propellant's stability
during storage, stability of combustion, which increase or retard rate of com-
bustion, as well as additives to aid in the manufacturing process,

Composite solid propellants constitute a mechanical mixture (aggregate), con-
sisting chiefly of finely-ground mineral oxidizer and ar organic fuel-
binder. Most frequently ammonium perchlorate is used as oxidizer in modern
TRT [22], while potassium perchlorate and ammonium nitrate are used less
frequently. Polyurethane, polybutadiene and other polymers are employed as
fuel-binder. Light metals are frequently added to composite propellant in
order to improve its energy characteristics -- magnesium, aluminum [22].
Composite propellant constitutes a viscous mass after mixing the components.
Composite propellant charges are made by free casting or injection molding
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methods, Binder polymerization takes place during heating, with the forma=-
tion of a solid propellant block.

Modified ballistite TRT with mechanical inclusions of mineral oxidizer, ex-
plosives with a positive oxygen balance and metallic fuel occupy an inter-
mediate position between the two principal types of TRT.

All solid rocket propellants burn in parallel layers in such a manner that
the burning surface (combustion front) occuples at each succeeding point in
time a position equidistant from the proceeding position.

Since linear burning rate, that is, rate of movement of the combustion front
{nto the charge, comprises several mm/s for modern TRT, less frequently in
the order of 20 to 30 mm/s, in order to ensure the desired gas generation

- one must employ charges with radial burning, the burning surface of vwhich is
distributed along the entire length of the motor.

Considerably less frequently one employs charges which burn from the end,
coated on the lateral surface with a noncombustible material (Figure 7.1).

r-r

r -——

Py "
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P
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L ateteteteleteote s I

¢, ). 0. 0. 9.1 2N\
e g 2= el

Figure 7.1. Solid-Propellant Rocket Motor With End-Burning Charge

Key:
1. Case 3. Igniter
2, Charge 4., Coating
5. Nozzle

Figure 7.2. Solid-Propellant Rocket Motor With Insert Charge
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Key to Figure 7.2 on preceding page!

1, Case 3. Igniter
2, Charge 4. Diaphragm
5. Nozzle

Figure 7.3, Solid-Propellant Rocket Motor With Case-Bonded Charge

Kay:
1. Case 4, Adhesion layer
2. Charge 5. Nozzle
3. Igniter 6. Insulation

There are two basic designs for solid-propellant rocket motors with radial
burning:

solid-propellant rocket motors with free filling, that is, with an
inserted charge (Figure 7.2);

solid-propellant rocket motors with a case-bonded charge (Figure 7.3).

The first of these is typical for solid-propellant motors with ba.listite
propellant, and the second -~ of composite-propellant motors.

In a solid~-propellant rocket motor with free filling, the charge consists of
separate grains placed in the combustion chamber with a gap. Following are
disadvantages of this arrangement:

low coefficient of combustion chamber propellant £illing;

contact between burning gas and motor case along its entire inner
surface, which requires either a thick-walled case or thick insulation;

the necessity of employing special devices to secure the charge in
the chamber and to prevent charge components from ejecting during combustion.

The above-listed drawbacks result in poor mass characteristics of an RDTT
[solid-propellant rocket motor] with an inserted charge, which limits the
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area of its utilization to instances where the decisive role is played by
simplicity of design, low cost of manufacture and simplicity of operation,
This arrangement is extensively employed in unguided rocket projectiles
and in beoster rockets of various designation.

When fueling an RDPTT with composite propellant, strong adheslon of charge
to motor case can be secured during charging. In such a motor the charge
burns along the internal cavity surface, and the case material is protected
from the combustion products by the entire thickness of the propellant
charge. Contact between the hot gases and case occurs at the very end or
in the final stage of charge burning.

Figure 7.4. Solid-Propellant Rocket Motor With Coated Insert Charge

Key:
1. Case 5., Obturator
2, Charge 6. Insulation
3. Coating 7. Igniter
4, Support 8, Nozzle

Advantages of this design include the following:
high coefficient of chamber propellant filling;

reliable protection of the motor case surface by the entire thick-
ness of the charge, which makes it possible for the case to be thin-walled,
utilizing lightweight high-strength materials (titanium, plasties,
aluminum alloys);

absence of special devices for securing the charge in the motor.

I"{sadvantages of this arrangement include relative complexity of loading,
a8 well as complexity of charge inspection (flaw detection) during
.aintenance, However, in view of the significant advantages, and partic-
ularly due to good mass characteristics, this arrangement is widely em-
ployed in rockets and has become the basis for large-diameter rockets with
considerable engine burning time,

An intermediate position is occupied by an arrangement with a free-inserted
coated charge (Figure 7.4). Rubber obturator 5, against which the charge
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rests, prevents gas from passing through the annular gap between charge
and engine case. As a consequence of this a stagnant zone forms in the
annular gap, which is filled with gases through a slot on the front face
of the charge in the initial period of engine operation, Heat exchange in
the stagnant zone takes place with low intensity, as a consequence of
which thermal protection of the case along the length of the charge can
be secured with a comparatively thin insulation coating,

RDIT operation breaks down into a principal, operating period and transition
period, The transition periods include the following: burn initiation,
pressure drop following charge burnup or as a result of burn interruption,
and transition from one mode to another for a dual-mode engine, Transition
periods comprise a small percentage of total RDTT operating time. During

the principal period RDTT working parameters change comparatively slowly

and smoothly in conformity with change in charge burning surface and flow
passage cross sectional area as a consequence of propellant burnup. The
processes taking place in an RDIT during this period can be viewed as
quasi-steady-state, In this volume we shall examine only the quasi=-steady~state
period of RDIT operation,

The principal factors determining the working parameters and thrust
characteristics of an RDTT during this period are the following:

propellant composition, which determines its energy characteristics;
law governing propellant burning;

shape of charge, area of its burning surface, and the law governing
its change on a time axis;

nozzle throat area;

features of engine gas-dynamic route, which determine the
character of chamber internal gas flows.

The methods of calculating operation parameters and static characteristics
of an RDTT also change in conformity with the specific features of an en-
gine's gas-dynamic path,

The first method is utilized for a motor with an end-burning charge, as well
as for motors with radial burning charges with insignificant pressure

drops along the charge., In these cases it is possible to consider pressure
and other gas physical parameters constant for total engine ullage, that is,
to solve a problem stated zero-dimensionally.

The second method is used when a substantial pressure drop is established
along the charge and it is necessary to take into consideration changes in
thermodynamic parameters lengthwise along the motor, examining one-dimen-
sional gas flow.

127

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP382-00850R000100080028-2

FOR OFFICIAL USE ONLY

Some studies racommended more rigorous solutions taking into account two=
and three-dimensionality of gas flow in RDTT [23, 24], but these solutions
are unwieldy and are little suited for analysis of static characteristics
ol RDTT.

Solution of the problem stated one-dimensionally breaks down in turn into
two variants,

The first variant encompasses radial burning charges with lengthwise con-
stant flow passage cross sectional area.

The second variant covers charges with lengthwise variable cross sectional
area. In practice one most frequently observes step-wise change in flow-
passage cross sectional area at the boundary of two sections of a charge of
differing geometry, such as in a slot charge at the boundary of the slot
and cylindrical section; also included here are multitier and multisection
charges with intermediate spaces.

We should note that the results of one-dimensional and zero-dimensional
solutions converge with an increase in motor flow passage cross sectional
areas as a result of charge burnup. Therefore the above solution variants
can stand side by side in performing calculations for one and the same en-
gine,

7.2, Empirical Law of Rate of Combustion of Solid Rocket Propellants
Under Static Conditions

Linear velocity of burning of a solid rocket propellant is defined as the
velocity of displacement of the burning surface into the charge. Since
rocket propellants burn in parallel layers, the direction of burning
velocity always coincides with the normal to the burring surface.

Linear burning velocities of modern rocket propellants under RDTIT condi-
tions range from 0.3-0.5 mm/s to 40-50 mm/s [26]. High burning velocities
are desirable for charges in uncontrolled rocket projectiles and for

rocket boosters, as well as end-burning charges for sustainer engine,

Low burning velocities are necessary for ensuring extended operating time
for sustainer engines with internally and radially burning charges, as well
as for solid-propellant gas generators (pressure accumulators) with ex-
tended operating time,

vropellant burning rate u is determined by its physicochemical character-
:stics, combustion chamber pressure py, rate of gas flow across the burning
surface, initial charge temperature Ty, as well as G loads acting on the
charge during burning.

The composition of the propellant and the process of its manufacture exert

considerable influence on the rate of burning., For nitroglycerin ballistite
propellants quantity u increases with an increase in nitroglycerin content,
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The conditions of the molding process exert certain influence., For com=
posite propellants u is determined by the type of oxidizer and grain size,
The rate of burning can be changed substantially by catalysts added in
small quantities to the propellant,

Of the best-known oxidizers, the greatest burning rate is produced by
potassium perchlorate, and the slowest by ammonium nitrate [26].

At the present time there do not exist rigorous theoretical methods for
calculating the burning rate of TRT. Establishment of such methods is
made difficult by the complexity of the burning mechanism of solid rocket
propellants, its multiple-stage character, and by the participation of

a large number of physical and chemical factors. Therefore in calculating
the operation parameters of an RDTT one utilizes an experimental law of
TRT burning, that 1s, an experimental relationship between the linear
rate of burning and principal determining parameters in the form

u = tyofy (p) fa (V) o (T (7.1)

vhere functions f,, £ and f4 are usually assumed independent of one another,
We shall designate uj=ujgfa(v)£3(Ty).

Let us examine the relationship between burning rate and pressure unfl(p).

For ballistite propellants, in the low pressure range (to 30-40+105 Pa),
the relationship between burning rate and pressure is expressed by the
formula

u=up", : (7.2)

which in interior ballistics is called the exponential law of combustion.
With an increase in pressure the exponential relationship transitions to a
linear relationship

u=u, (I +bp). - (7.3)

The linear combustion law is valid for pressures from 4 x 106 to 2 x 107 Pa.
In the pressure interval from 3 x 106 to 15 x 106 Pa one can utilize both
the exponential and linear relations with approximately equal accuracy.

We shall subsequently designate quantity ujg, determined by propellant com-
position, unit burning rate, The law of combustion of composite propellants
is usually expressed by formulas of the same type as for ballistite propel-
lants. Taken for separate pressure intervals, they approximate an ex-
perimental curve with acceptable accuracy.

The value of exponent *¥ for modern rocket propellants varies between 0.1 and
0.85. Higher values of ¥ are characteristic of ballistite propellants. For
composite propellants the burning rate is dependent on pressure to a lesser
degree.
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Summerfield, on the basis of a simple physical model of combustion of com=
posite propellants, proposed the following relation for determining their
burning rate:

Lot
w =k om (7.4

In this equation a and b are constants which are independent of pressure,
expressing the relationship between burning rate and various physicochemical
parameters,

In practice coefficients a and b are determined from experiment, and Summerx-
field's law is transformed in practice into an empirical relation, which for
pure composite compositions (without metallic additives) can be utilized for
calcu19ting burning rate across a broad range of pressures from 1 x 105 to

1 x 10/ Pa, For calculating RDIT operations, it is expedient to present
Summerfield's relation in the form

U= ;%;m . (7.4a)

We should point to one of the possible deviations from the above-examined
laws of combustion, the so-called "plateau" effect observed during com-
bustion of propellants with the addition of various lead compounds. Within
a certain range of pressures the burning rate for such propellants is in-
dependent of pressure (V=$0).

The burning rate of a propellant increases during gas flow along the burning
surface of a charge. The increase in propellant burning rate is caused by
increased flow of heat from gas to propellant with Increased turbulence of
gas flow in the vicinity of the burning surface, In the literature this
phenomenm is called erosionm or turbulent burning. A number of investigators
point to the existence of a certain threshold rate of flow, beginning

with which the erosion effect occurs.

Cunsideration of this phenomenon in calculating RDIT operation is performed
by means of a correlation function which constitutes the ratio of rates of
propellant burning with a gas flow and in a calm environment:

fale) = 22

At the present time this relation is usually presented in the form

hvy=1 —}-k.,(v—vn,) (7.5)
a yr in a function of dimensionless velocity of flow
fa@) =1+ Ry (b — A (7.6)

where vy p, ﬁ' -- so-called threshold velocity of flow; ky, ky -- coef~
ficient of erosgon; when
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A<ZAp
s<o Jh@=1,
The burning rate of the majority of solid propellants depends to a substan-

tial degree on the initial temperature of the charge, The following formulas
are most frequently utilized to express this relation:

thy B
T = F=Th=Tw}} .7
T e 6 (TuTub), (7.8)

where Ty == charge temperature for which a burning rate is determined; Ty ==
temperature adopted as standard; ujp and uiN == unit burning rates at
specified and standard temperature respectively, B and D =~ physicochemical
constants which are individual characteristics of a given kind of fuel,

Formulas (7.7) and (7.8), in spite of an external difference, are mathematical-
ly identical expressions under the condition that one and the same value Ty

is used in both relations. The relationship between the constants is
established as follows:

1
D"E .

For rocket propellants known from the literature, constant D ranges from 0,001
to 0.004 [26]. The upper value applies to postwar ballistite propellants
with a high temperature relation, while the lower value applies to com~
posite propellants,

TRT burning rate is also affected by stressed state of the charge and

G loads to which a rocket is subjected in flight. However, since these
factors are of a random character, we shall examine their influence together
with the influence of other factors disturbing RDTT operation conditions,

7.3. Law of Change of Propellant Burning Surface on a Time Axis

The burning surface of a charge 1s a second important factor in gas forma-
tion in an RDTT. Depending on the nature of change in burning surface on

a time axis, we distinguish charges of progressive shape (surface increases
during burning), degressive shape and charges with a constant burning sur-
face (neutral charge)., The ratio of burning surface S to the initial value
of this surface Sg 1s called the charge progressiveness characteristic <.

Selection of charge shape should ensure the character of change in pressure
and consequently engine thrust on a time axis in conformity with the required
flight program.

If flight conditions do not require changes in engine thrust across a broad

range, a charge with a constant burning surface is preferable. In practice
such charges are employed considerably more frequently than the others,
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Solid rocket propellants burn in parallel layers, which in most cases
makes it possible, guided by elementary geometric considerations, to cal-
culate in advance change in burning surface as a function of the per-
contage of the burned portion of the charge

P = 0l
that is, to determine relation e (W).

We shall note that this is possible only with a uniform field of propellant
burning rates, that is, when the linear burning rate is identical for all
points in a charge.

Complete charge burning time is determined by thickness of the burning
web e1, which constitutes its smallest linear dimension in the principal
direction of bhurning.

Sometimes in place of relation ¢ () one utilizes equivalent relation e(z),
where z=e/e1 -~ relative thickness of the burned charge layer corresponding
to given value ’b .

As 1is indicated by studies, dependence’lon 2z can be expressed for all
charge shapes by a polynomial of the type

b= Rzl + kyz + ky2? ++.1), (7.9)

where coefficients kj, ky, k3, etc reflect the geometric properties of a
given charge.

Obviously with rigorous observance of constancy of burning surface ¢ =1,
=z, In actuality, however, some variability of surface during burning
is observed for the majority of charges which are considered neutral,

Let us examine some general patterns of behavior of charge surface during
burning. :

In the general case the perimeter of the burning surface Tr,-in a cross or
meridional section of a charge consists of areas of smooth curves and points
where they intersect —- surface fractures., Figure 7.5 contains typical
variants of change in surface shape during burning of various charge elements.
If two adjacent surface sections, intersecting, form an angle of less than
180°, in the process of burning the angle shifts together with the burning
surface but remains constant. If that same angle is greater than 180°, the
apex of the angle rounds off in the process of burning.

For example, the conical surface of an end-burning charge inevitably
degenerates during burning into a spherical surface. In order to preserve
the angle of conicity it is necessary to place along the axis of the charge
a rod of propellant with a higher burning rate uy% uj, which satisfies
condition

=4
sina o
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Figure 7.5, Characteristic Variants of Change in Perimeter of Burning for
Various Charge Elements

Key:
a. External angle burning d. Retention of cone-~shaped

b. Internal angle burning crater with utilization

c. Development of cone~shaped of a lead rod (up¥uy);
crater in end burning e, Burning of a corner with
charge coated face

(Figure 7.5 d), A similar rounding off of the angle apex will be observed
by the points of intersection of the burning surface with the inhibitory

coating (Figure 7,5 e).

In order to determine the behavior of a more complex charge contour, we
shall examine a certain fracture-free elementary region of a curvilinear
section (Figure 7.6). We shall assume axis x is the principal direction

of combustion propagation.
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Figure 7.6. Combustion of a Curvilinear Charge Section

—————————————

During time dt the combustion front will move in direction x by amount
dx=u/sin a+dt, where

auarctggi, and therefore the axial velocity of surface

element displacement is equal to

d. T+ (dy/dx)t
um Loy VIEGEL

1f the principal direction of propagation of combustion coincide§ with axis y,
then

dy/dt = uy/ T+ (dy/dx)* (7.10a)

1t is obvious that with axial burning constancy of rates dx/dt for all
points will constitute a condition of charge state stability, for otherwise
the section shape will deform in the process of burning.

Relations (7.10) and (7.10a) assume special importance when calculating
change in charge surface with a nonuniform field of burning rates. Field
nonuniformity may be caused by changes in initial temperature or propellant
chemical composition within the charge. The current position of the charge
gurface 1s no longer determined thereby by initial geometry of the charge
and its changes according to the law of combustion in parallel layers. In

a nonuniform field of velocities there may occur distortion of rectilinear
profiles, sharpening of angles greater than 180° and blunting of angles

less than 180°, These changes can be taken into consideration on the basis
Jf differential relations (7.10) and (7.10a) with utilization of local burning
rate u.

[n some cases, with deformation of the initial profile in an inhomogeneous
field of propellant burning rates, a new stable profile may form. Profile
stability 1s secured, for example, by the fact that change in burning rate
on the y coordinate (with axial burning) is compensated by corresponding
change in angle & . This case will be examined in greater detail in
Chapter 10,
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Figure 7.7 Shapes of RDTT Charges
Key:
a. Shapes of insert charge 1, 2. Star
propellant elements (grains) 3. Wagon wheel
b. Shapes of case-bonded ' 4, Slotted charge

charges

_ For the majorit& of radial burning charge shapes, the required progression
_ characteristic is achieved by selection of a ratio of degressively and
progressively burning antagonistic surface elements,

Antagonistic elements can be represented in each charge section, such as
in a star, or placed along the length of the charge, constituting essential-

ly separate charges with a differing character of combustion (slotted
charge).,

The most typical charge shapes are presented in Figure 7.7.
7.4, Determination of Operating Parameters and Characteristics of Solid-

Propellant Rocket Motors With Zero-Dimensional Statement of the
Problem

With steady-state operation the motor material balance equation is written in
the form
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Mg ma 1ty == iy, (.11)

where r'nl. == per=second arrival of mass of gases due to propellant burnipg,
volatllization of charge coating material and case insulation coating; m, --
per=second flow rate of gases through the nozzle; m) =-- mass consumption of
gas filling the space evacuated during charge burnup,

In estimating term my we shall proceed from the assumption that its quantity is
entirely determined by gas yield from burning of rocket propellant , Change in
gas yield due to thermal destruction of the charge coating and combustion
chamber installation plays a role of adjustment to the principal quantity,
which we shall examine separately. With this assumption and with utilization
of the exponential law of combustion

my = pPXS, (7.12)

where @ r -- density of rocket propellant; § -~ burning surface; py --
steady-state pressure in the chamber,

Per-second gas flow through the nozzle is expressed by formula

. PeApuFup
Mg = =t (7.13)

Here ?c -~ coefficient of nozzle flow rate; ka -= nozzle throat area;

1
= () TV
k1 1
RTy -~ thermodynamic value of rocket propellant force; A, -- coefficient of

losses, taking into account decrease in propellant force due to thermal
losses and chemical incompleteness of combustion,

The quantity of gases used to fill area vacated during combustion per unit
of time AWoox with steady-state pressure py, is determined as

. plAvtsl
My = ARTy

Equation (7.11), with substitution of expressions for t'nl. 512 and ﬁlc, as-
sumes the form

pe_\ _ PAnFu 7.14
papiS (1 — o"xR—T—.) ViRTs - @14

We shall estimate the second term in the parentheses, assuming
p. = 40.10° MTa, xRT, = 10? [Ix, p, - 1600 kg/m3.

We shall obtain W%TT"O'OO:" , that is, 0,3% with respect to 1.
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Ignoring this quantity, solving equation (7.14) relative to py, we

find 1
p, 5= (-Eﬁ%,l:;@_)m (7.16)

Utilizing the above relations, we shall examine the conditions of stagic
stability of RDTT operation., Figure 7.8a shows change in quantities m; and
m for the case ¥ <1; Flgure 7,8b shows change in the same characteristics
for the case v>1, The point of intersection of curves m; and my cor-
responds to steady-state pressure in the engine. If for any reason engine
pressure rises above steady-state, in the case of ¥V ¢ 1, flow rate will be
greater than gas arrival and pressure will drop until it becomes equal to
Pk, yeTs When pressure drops below Pk.ycps 888 arrival exceeds flow rate
and pressure will rise until it reaches the level py yer. Thus when yel
RDTT operation is statically stable, When % > 1 any insignificant engine
pressure deviation from pg,yer leads to further movement away from the
point of equilibrium process, either in the direction of unlimited pressure
increase on in the direction of a pressure drop to zero,
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Figure 7,8, Conditions of Static Pressure Stability in a Solid-Propellant
Rocket Motor

Key:

a. For the exponential combustion c. For binomial linear combustion
law when V<1 law

b, For the exponential combustion
law when Yy »1

The magnitude of steady-state pressure with the linear binomial combustion
law is determined by relation

I
= —AFm o

——
PrSuye VIRTx

In this case the condition of static pressure stability (see Figure 7.8c) is
expressed by inequality
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PeSttyh < -%f%—

For Summerfield's law pg,ycr 18 determined by the formula

pem (ST 4"

If we proceed from the general relation for a burning propellant surface
S=Sge (§), py should change on a time axis in conformity with change in
characteristic ¢ (). Utilizing the latter, one can obtain for the
principal period of motor operation relation pk (¥). In order to transi-'
tion to relation pp (t) one must utili ze a gas arrival equation, For the
exponentlal combustion law

LA a-z;mﬂ (7.16)
From this we obtain a working formula for conversion
Al==— A 7.

peSqonm ¥ @17

where Py, ¢ -- mean pressure and regular burning rate characteristic
values in interval A',; At -- corresponding Ay time interval.,

Knowing the magnitude of engine pressure in steady-state operation, one can
calculate such engine output parameters as rate of gas flow through the
nozzle, thrust and specific thrust,

Rate of gas flow is calculated with formula (7.13).

To determine engine thrust one can utilize relation

Pﬂf;’c"a'*‘pnFu—PnFa'

We shall convert it into formulas which we shall utilize in subsequent deri-
vations, for this we shall replace the first two terms on the right side
with a monomial, which includes one of the known gas~-dynamic functions.

Utilizing function £ (), the equation can be rewritten in the form
P = 0.pFof (M) — s (7.18)

l
10 =0 +3 (1—45t#)

where g~ -~ a coefficient characterizing losses of total pressure inthe
RDTT nozzle. Utilizing function Z(A), we obtain
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p = 2 12 (W) = oo (7.19)

T
where o= l/ T.erRTx == critical velocity; X o -~ a coefficient
characterizing nozzle losses.

[
Substituting in formula (7.19) expanded expressions for ﬁzc and ayp, we
obtain
1 o .
=T
P=m2 (T?FT) PeuFup2 (be) = PuF . (7.193)

The principal virtue of relations (7,18) and (7,19), alongside their
simplicity, is the fact that with their utilization calculations are sim-
plified by employing tabular gas-dynamic functions f (A ,) and 2 (3,). It
is not difficult to find argument A , from gas-dynamic tables according to
ratio ka/Fa-q (Ag), where q (A ,,? is also a tabular gas-dynamic func-
tion.

We shall utilize relation (7.19) to obtain a formula for specific thrust im-
pulse. Dividing both parts of the equality by t, and substituting an ex-
panded expression for fiz in the last term, we obtain

{
o VBV = (442) ™ o]

In view of the triviality of the second term in the brackets, in calculating
RDTT specific impulse nozzle loss coefficient ' . is usually applied to
the entire brackets.

Nozzle loss coefficient X . characterizes the distinction of the actual
process taking place in the nozzle from the ideal process on which deriva-
tion of the above obtained relations is based and which presupposes one-
dimensional isentropic flow of an ideal gas in the nozzle., Usually this
coefficient is presented in the form of a product:

te= Tty .21
where Xc; ~- factors resulting from individual types of losses.
The principal types of nozzle losses include the following:
1. Dispersion losses, connected with nonuniformity of nozzle flow,

that is, with the presence of a radial velocity component at the nozzle exit;
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2, two-phase losses with condensed particles in the combustion
products;

3, friction losses;

4, thermal losses connected with heat dissipation into the nozzle
walls,

Dispersion losses are easily determined by calculation.

For conical nozzles coefficient of losses of this type is equal to
Yo = COS* L,

where of ; ~~ half-angle of nozzle opening.

For shaped nozzles
e, =-}-(l+cos-2!%‘-ﬁl-),

where of 0, @1 ~- nozzle opening half-angles at the beginning of the bell
mouth and 1in the exit section respectively.

Calculation determination of the remaining types of losses involves a num-
ber of difficulties. This applies in particular to two-phase losses, which
for RDTT with metallized propellants are the principal type of specific im-
pulse losses, This is due to inadequate study of the mechanism of inter-
action between condensed particles and gas, the nature of the processes of
particle coagulation and fractionation and, chiefly, to a lack of reliable
data on dimensions of condensed particles and the spectrum of their distribu-
tion. Two-phase losses increase in direct proportion to the mass per-
centage of condensate in combustion products and decrease with an increase
in nozzle size in proportion to the square of the diameter of the particles.
The magnitude of these losses for a nozzle of medium size, with average
particle size of 2-4 microns in the combustion chamber, ranges from 2 to 42.

Thermal losses for large engines with an insulated nozzle surface do not ex-
ceed fractions of a percent. For small motors with uninsulated nozzles the
magnitude of thermal losses increases to several percent,

Fristion losses depend substantially on the state of the nozzle surface.
Tue development of surface roughness during nozzle heat erosion is accom-
panied by an increase in these losses, which may comprise 1-2%,

Study [19]) 1lists standard values of nozzle specific impulse losses for an

RDIT burning aluminized propellant, obtained on the basis of experiments
with a motor with a thrust of 230 kg:
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Table 7.1.
1 Kateropan noteps 2 c”‘n':,',:,:";: e
Tlotepn H3:32 2aNA3AWBANMA KOMACHCKPODAHHOA 2,8
30 \ )
PexoMOHHAUHOHNME NOTEPH 4 . }.g
Forepn na Tpesse 09
Totepi Ha KOMHAeHCAUHO 6 o
Tloteph 1a CKAYKK ynAOTHEMHR 7 X
Moanne norepu 8 8,0
Key:
1. Category of losses 4. Recombination losses
—_— 2, Average magnitude of losses 5, Friction losses
3, Losses due to condensed 6. Condensation losses
phase delay 7. Shock wave losses

8. Total losses

When utilizing a flush nozzle additional losses occur, the magnitude of which
is determined primarily by the degree of nozzle penetration into the com-
bustion chamber and content of metal additive in the propellant. According
to (8], with a degree of penetration from 20 to 60% these losses comprise
approximately 0.4% for a composite propellant with 5% aluminum; they in-
crease to 1-1.2% for propellant with 21% aluminum,

7.5 Determination of Operating Parameters of Solid-Propellant Rocket Motors
With One-Dimensional Statement of the Problem (Charges With Lengthwise-
Constant Flow Passage Cross-Sectional Area)

An increase in the coefficient of combustion chamber propellant filling for
the purpose of improving a motor's mass characteristic & leads to a situation
where at the initial stage of charge combustion the rate of gas flow along

its surface increases sharply. This is accompanied by erosion effect, that
is, an increase in rate of propellant burning, resulting in a pressure in-
crease in the motor. In addition, there occurs a substantial pressure drop
along the charge. In other words, with the adopted working pressure in the
motor (pressure at nozzle inlet) there is an increase in pressure at the
forward face, from which in this instance one must proceed in performing motor
case strength calculations.

Under these conditions, the previously-examined zero-dimensional

solution becomes unsound. The following problem solution in a one-dimensional
statement is suitable to an equal degree for charges of various shapes: a
charge of cylindrical single-cavity grains, including a single-grain variant,
for a star charge and its modifications, charges of telescopic and cross
shape, a "wagon wheel" charge, etc, under the condition that the chamber flow
passage cross sectional area remains constant lengthwise on the charge. With
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Figure 7.9, Calculation Diagram of Charge With Lengthwise~Constant Flow
Passage Cross Sectional Area

this condition the diversity of charge shapes can be reduced to the diagram
contained in Figure 7.9, For simplicity of calculations, we shall first
.examine a charge with a blind forward end, Subsequently it will be shown in
(7.6) how end burning can be considered with this arrangement,

We shall examine change in thermodynamic parameters along the motor's
gas path, proceeding from the forward end to the nozzle.

1. Region "d-k," bounded by the charge ends
We shall assume that gas temperature remains constant within the engine .
cavity, equal to the temperature of propellant combustion. Change in
parameters of gas flow in section "d-k" will be determined by two equations:
quantity of movement and continuity.
The quantity c¢f movement equation for a constant section cavity assumes
the form

my + pF = const = /,. ivtpF=const=Ip .
Ir. the initial channel section when v=0 Ip=p A Fr.
Fer any section

v+ pF = ;%%= const, (7.22)

where

gas-dynamic function;

P dimensionless velocity.

Gxp
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Equation (7.22) does not consider the forces of gas friction on the charge
surface. Estimation of this factor in the region of Reynolds numbers
characteristic for flow along a charge (Re #105-106) , indicates that these
losses comprise at the initial stage of combustion mot more than 2-5% of
pressure drop along the charge caused by gas flow., It follows from the
equation of quantity of movement that static pressure along the cavity

changes as .
p = pyr (). (7.24)

To derive a continuity equation we shall specify an elementary burning
region of extent dx (see Figure 7,9). Change in flow rate through the
cavity cross section in region dx is equgl to gas arrival in this section:

dhmp TuhWhOd  (2)

We shall present a general expression for gas flow rate in the form

;n-n perz TR Fo.
Taking into consideration relation (7.24), we obtain

1= i Faghr (). N 2

pifferentiating (7.26) and substituting the result in (7.25), we obtain
B Fay {r )+ A tr () db = Ty () o) . (7.27)

We shall designate the braces on the left side of the equality by @ ().

Substituting on the right side of the equality expressions for t1 (p) im

conformity with (7.2) and f5 (p) in conformity with (7.6), dividing the

variables and integrating, we obtain:

for the erosion burning section

\ R
9 () dh pellu oY RT,
,! lr(l)l"ll-;?k,.(x—x,,,),"—‘Mﬁ'(x—;\'m). (7.28)
P

Fla”pl"

where x g — coordinate of the section in which dimensionless velocity
reaches a value §\ yp;

for a nonerosion combustion section

?-‘L——‘““* _eTRT - (1.29)

rony Fuaps "

143

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP382-00850R000100080028-2

FOR OFFICIAL USE ONLY

Combining equations (7.28) and (7.29) and substituting an expression for
akp on the right-hand side, we obtain

here ®(A)=-%$\:-_-g- Th—l ART,, (7.30)

Iy A
O = @ (N d P odh ,
® J [r (W] (1 A (A = Agp)] + rayy '
P .

S¢ -Tr‘.x -- charge lateral burning surface.

Figure 7.10 contains a graph of function ¢(7\) for Ny p-0.15; koy=1.0-5,0
fsnd ¥ =0,3-0,7,

®) o . .
Vi Jodyen Py ] 1
. aa / -\-- Q}”&-zi
'//;.-- _':_';: =)N=20
) /’/:‘; XX :_%’”&-zn’
N GFE ==, =10
7 e
430 I/, ‘ 5/
. “a
- P()
925 a5
a1
a0 - — Q05
0 a1 q2 a4
ns

g1 q2 4q7 84 a5 g6 &

Figure 7,10. Graphs of Function ¢(7\) With 9gp=0.15

Key:
a., v=0,3 c. v=0,7
b. v=0.,5
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We shall note that the complex S¢ /F, constitutes U. A, Pobedonostsev's
ceriterion for a finite charge saction,

The obtained relations make it possible to determine all parameters of
interest to us in section "g-K" (see Figure 7.9).

The pressure drop along the charge 1s determined as _
YAPI.u =Pp— Px = pall =7 (M) (.31

We shall note that when N «¢0.5, a simplified expression can be used to
compute gas-dynamic function r (% ):

Py =1—2 . (139)
With values A <04, k=111—-126 , the error of such an

approximation,...o1ng less than 1%, and only when 3, =0,5-0,55 does it in-

crease to 3-6%,
Utilizing expression (7.32), we obtain

Aps, x = Pehue
Gas flow rate in a finite charge section is expressed as

‘ = AFvg {’vn) bg;
’nl k—r"‘—x .

Since complete flow pressure in this section is equal to Pox = PuI% (M),

the formula for gas flow rate assumes the form

. _ ARglwee (733
i = Lo, 733

where q (Ay) and y (A K - tabular gas-dynamic functions.

The rate of propellant burning along the charge changes due to decrease in

static pressure and increase in gas velocity. At short distances from the

forward end and with short charges, when )‘>7\-.wg there is no erosion effect
t

and the burning rate decreases in conformity h the drop in pressure,
However, when A>A g, erosion effect becomes the predominant factor, and
burning rate increases.” It is expedient to utilize for solving a number
of problems burning rate averaged along the charge length., We shall
designate with K, the ratio of this average burning rate to the rate of
end burning of the same propellant. Then generation of gases along the

length of the charge, equal to flow rate in section k, can be represented

as
ik = Petti0P%Se K (7.34)
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Equalizing the right sides of equations (7,33) and (7.34) and substituting
value 8$¢°/F, from (7.30), we obtain

l o
)":" A L Y (7.35)

K.,:-(-;—_"%_—,- {

2, Region "k-kp," between charge end and nozzle throat area

Significant hydraulic losses can occur in this area, connected with
dissipation of the mechanical energy of gas flow preceding from the charge
cavity into the prenozzle space. These losses are determined on the basis
of the general relationships of hydraulics as

o
Ape e E'P'rf“-n
where £ -- coefficient of hydraulic losses, determined experimentally,

Having determined gas density from the state equation through static pres=-
sure in the charge cavity exit section, and velocity in this section
through A yaxp, we obtain

Bpe= ot (7.36)

Coefficient of restoration of full pressure in the prenozzle space g, is
determined as

Pox—08pc _ | _ Ape
Oc = Pox '

Pox

or, substituting (7.36), we obtain

o= 1 =2 n(h) M - (1.37)

A continuity equation for area "k-kp" is written in the form
Me = -4 My,

where #i, -- total gas flow through the nozzle; iy -- arrival of gases from
the charge end facing the nozzle.
In expanded form L

the = prSetiaPeKu -+ PrStielhs
where py —- gas pressure at end surface,
Considering that generation of gases from the end surface usually com-
prises a small percentage of total gas generated, one can, without introducing
significant error in calculation of h,, assume py=px. Then, designating

Sp/S& =S we obtain
146
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fite = pyti1oSePY (Ko + 3). (7.38)
Gas flow through the nozzle can be expressed just as

W “,AOC F,
.l oo

Equating the right-hand parts of equations (7.38) and (7.39), we obtain

Y PTG ) Lo )
. AOclPeF“p ) .

Py

The obtained relation essentially comprises a modification of formula
(7.15) for pressure in the case of a zero-dimensional variant, but
taking into account in integral form change in rate of burning and pres-
sure through the engine,

An expression for py can also be obtained taking into account (7,.24) from
relation (7.30):

e
po= [ R VEDRL] ™ o). 040

One can obtain fiom equalities (7.40) and (7.41) a relation iinking dimension=
less velocity in the exit section of the charge cavity with the correla-
tion between cavity and nozzle throat, areas.

F OcPe 7.42)
T 5y (@
" e (1+5)

In the process of engine operation area F increases as a consequence of
propellant burnup, and the percentage share of erosion combustion in total
gas generation continuously decreases, becoming zero when 9\ { Ap*

At the same time there occurs equalization of pressure along the length of
the combustion chamber, Relation (7.15) becomes applicable thereby. This
relation can be utilized to determine mean indicated pressure p; in the
engine, substituting in it time-averaged values Scp and uj o, Then one
can determine from formulas (7.15) and (7.30) the maximum ambunt average
engine pressure p max/Pk on a time axis is exceeded, where P& max ~~
maximum pressure in the forward part of the motor after it enters quasi-
steady-gtate mode, Charge geometric parameters at the moment of attainment
of P g max can be assumed equal to their initial value. If we assume

" Uyep ~ B10

we obtain from formulss (7,15), (7.30) and (7.42)
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1

k=1 )T‘Tl -
A (]t 22} T
1 4 §/K, "( A1 K
.8%:_'5., l+3u ST (14

In determining engine thrust corresponding to the moment of attainment of
P max» One can proceed from relation (7.19a), bearing in mind that one
mﬁst gubstitute in this relation full pressure at nozzle inlet.

1
2 \R=TQcTcprF
2(537) " T 20 = Ao

7.6, Determination of Operating Parameters of Solid-Propellant Rocket
Motors With Charges With Step~Wise Change in Flow Passage Cross-
Sectional Area

Charges with flow passage cross sectional area changing step-wise along
the length of the engine are in widespread use. They can be subdivided
to two basic groups:

monoblock charges consisting of two sections with differing
geometry;

sectional charges, consisting of several sections (tiers) divided
by intermediate spaces.

}iggggé??ggﬁ’ :z’ 7;96(/95 n s

L /l

Figure 7.11. Diagram of Charge With Step-Wise Change in Flow Passage
Cross=Sectional Area

A slotted charge consisting of a cylindrical and slotted section can serve
as an example of charges of the first group. An example of a sectional
charge is the propellant charge powering the Titan-3C booster, consisting
of five short elements with a cylindrical cavity, burning on the surface
of the ends and cavity.

We shall first examine an RDIT with a charge consisting of sectioms with
differing geometry. Figure 7.11 contains a diagram of such a charge.

We shall examine here a charge consisting of two sections, although the

relations obtained below can also apply to more complex variants. The
charge cavity cross sectional area changes abruptly at the boundary of the
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sections, but it remains constant in each. We shall designate in the
vicinity of the boundary two test sections 1 and 2, in the upper and lower
gsections. From the continuity equations written for these sections we
have

q(h) =g (h) 2oL JL. (7.44)

Relative losses of total pressure during sudden expansion (compression)
are determined as

Ape '
.—m = E_';-T'T lr’ﬂ (An),

where £ —- coefficlent of hydraulic losses equal to [29] = —;-( —-TI:-'-)
during compression; !

F,
§p¢cm=7-':‘ —1: << during expansion,
Consequently,‘
F ka2

9 () =g (W) EL[1 — 8 pphin ()] (7.45)
and dimensionless velocity at the beginning of the second section A2 is a
function of %1 and the ratio of areas F1/F,,
An equation of quantity of gas movement for section "1-k" can be written in
the form ) .

MOy + PuFa) = (M + piFy) + o (Fas — Fa)y

where @) and #y -- mass gas flow rates in sections 1 and k.
Expressing complete impulse flow through function r (), we obtain

BeFs _ oFy | g (F
P =Ty teh (R =1):

For a random section in area "1-k" one can write

Y Y
e b R i B (746)
We shall designate .
=p [ L F_
b= [yt r—1] 747

Then static pressure in any section of aea "2-k" will be determined as
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p = Br (A), (7.48)
Relatlon (7.48) is analogous to (7.24), but in place of o, it contains
A combined parameter 5 .
P In order to obtain a relation for gas arrival in section "2-k," we shall

utillze equation (7.27), substituting in it static pressure determined by
formula (7.48),

pividing the variables and integrating the left~hand side from My to p)k.
and the right-hand side from x2 to xi, we obtain

00 =00 = LS Y IET R, (149

Relation (7.49) differs from the previously derived (7,30) in that the dif-
ference of values of functions ¢f (A) enters the left-hand side, and
parameter | ~-- in place of py, == into the right~hand side.

Gas flow rate in section k is determined from relation (7.33). MHydraulie
losses in the prenozzle space are calculated as in 7.5, It is more con-
venient to perform calculation of engine parameters in the following
sequence,

1, Specifying pressure at forward end Pgy » ONE determines g 1 and py
on the basis of relations (7.30) and (7.24).

2. With formula (7.47) we calculate parameter B , and then find A
and py with (7.45) and (7.48), (7.49).

3. We determine flow rates m and ty, and then #, as well.

4. With ,\k we calculate the coefficient of losses of complete
p-essure in the prenozzle space.

5. On the basis of total flow and pressure py, we obtain the re-
quired nozzle throat area.

Nomograms can be constructed on the basis of such calculations for propel=-
lant with specified characteristics, enabling one to solve a direct prob-
lem -- to determine engine pressure on the basis of specified engine and
charge geometry.

The specific features of calculating the operating parameters of a section
charge reduce to figuring hydraulic losses in the spaces between sections
and figuring initial velocity at section inlet when calculating gas genera-
tion in the section cavity.

With a large intermediate space and narrow cavity in the above-lying
section (tier), calculution of hydraulic losses is performed on the basis

150
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP382-00850R000100080028-2

FOR OFFICIAL USE ONLY

of relation (7.36). If the sections are separated by narrow transverse slots,
the following relation is recommended in [29] for determining losses of com-
plete pressure in the slot:

2k
i Bpipe=— T +BM

where AN ~-~ difference of dimensionless velocities at slot inlet and out=-
let,

1f flow rate at section cavity inlet 'hnx is known, initial velouity dgx is
obtained from the condition

Y (hay) = —%'—#—’h ;’n . Ty ’ (7.50) '

where ¢ Bx =" coefficient of stream narrowing at cavity inlet,

With this initial condition, change in static pressure, according to
equation (7.22), follows the relation

p-;ﬁ:_f,ro.). (7.61)

Consequently the relation (7.49) in this case assumes the form

O () -0t = £ Y EEL ooy, (62) .
5 = 7% . Ek

Obviously relations (7.50), (7.51) and (7.52) must be followed in solving
the problem examined in 7,5 with a burning forward end. If ABx < o the
value of functiong(Apy) can be calculated with the relation

w3y 3=y WA
OW= S A= Wiy

where
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Chapter 8, DEVIATIONS OF OPERATING PARAMETERS OF
SOLID-PROPELLANT ROCKET MOTORS IN THE VICINITY
OF SPECIFIED CONDITIONS

8.1. Relations for Deviations of Operating Parameters of Solid-Propellant
Rocket Motors in Vicinity of Specified Conditions for a Zero-
Dimensional Variant

We shall utilize formula (7.15) to derive relations for deviation of RDTT

operating parameters. Taking its logarithm, differentiating it, and sub-

sequently replacing differentials with finite parameter increments, we ob~-
tain

boc | [Auy , AS , Apy . 1 &
e A
1 A(RTx) A AFy
4'77 ETE' "'EEL" Poo ]'

For simplifying calculations and subsequent conclusions it is expedient to
proceed to relative deviations of parameters I xy=Axy/xq.

The relation for relative engine pressure deviation assumes the form
0 = T3 [5":+w+59f+-;-51+-;'6(”':)"“%"”»]'
' @0

Examining variations of quantities uj and RTy we shall distinguish com-
ponents, one of which results from variants in the characteristics of the
propellant proper, while the other is determined by change in initial
charge temperature, We shall examine small deviations of initial charge
cemperature from its expected value, whereby one determines nominal en-
gine characteristics. Change in RDTT thrust parameters within a broad
range of temperatures, as well as methods of engine tuning and adjustment
making it possible to reduce this change to a minimum, will be examined

in Chapter 10, The charge temperature deviations examined in this deriva-
tion play the role of errors in determining expected charge temperature
both during engine tuning and adjustment and for a motor without tuning and
adjustment, It is assumed thereby that temperature is constant throughout
the entire volume of the charge., Consequently,
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Quy = By - S 08T (8.2)
ORT, = 8 (RT,) 4 2ETL. . T o, (8.9)

Here the symbolw derotes variation components resulting from variance of
characteristics of the propellant proper, as a consequence of random changes
in chemical composition, deviations in the manufacturing process, changes in
properties during storage, etc., Substituting (8.2) and (8.3) in (8,1) and
utilizing relations (10,1) and (10,2) (see Chapter 10) for determining
derivatives, we obtain

00, = T (8, + 8 + B, + - by —
— 8¢~ 8F,p -+ -+ 8 (RT) + (m +- D) 87, (8.4)
Proceeding in like manner with equation (7.13), we obtain
8t == 8p, 4+ 8F,, = 8, — =48 — - 8 (RT,) — mT 8T,
Substituting here the value of J}k from the preceding formula, we obtain
Oime = iy [ ity + 85 +- 8py — - 8y — vOF,p —
~— 89, + - 8 (RT,) + (vm +- D) r,,or.,]. (8.6)

To determine thrust variation we shall utilize equation (7.19a), rewriting

it in the form
1

=T
PtFopy=2 (-,,—%T) A BDF L ),

where 2 . -- a coefficient characterizing losses in the supersonic portion
of the nozzle,

Sequentially taking the logarithm and differentiating this equation, we ob-

tain F
A2
AP+ pubFa _ 8% , Age , Bpx , BFxp __'22___(@.1
F+PAF0~'X¢"P¢+PK+FIP+ Frp)  Z@Ra) *

o(2)
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Ratio Fy,/F, 1is equal to the value of gas-dynamic function q (K ,), a8 a
consequence of which the last term can be rewritten as

92 (\) g (Ae)
(et

In order to obtain the simplest analytical solution, we shall employ an
approximating relation which links the numerical values of functions q (A)
and 2 (A) in the range of velocities 2, of interest to us. It is evident
from the graphs Z«f (q), plotted for the supersonic flow region with various
values of k that within a fairly broad range of change in %, one can
resort to a linear approximation

Z () =a— bq (3. (8.6)

For example, when k=1,25 in the range ) =1.7-2.4, if we assume a=1,425 and
b=0,50, the error of approximation does not exceed 1,6%.

Utilizing relation (8.6) and proceeding to relative quantities, we obtain

6P = (1+ %”&){am 8%e-+ 894+ OFup—
- slq(nn}—ﬂ?-oﬁ.. ®7
-b .
o

We shall introduce dgsignation ‘P%F!‘ = Ypr

Substituting in (8.7) an expression for J‘pk. we obtain

&P = '—-ﬂﬂl631+69,+63+ ot

l—v

+ L 8(RT,) = w80 + O+ m) T, = V860 =

— =Ygy o..)l] St 1+ e (B8
o9

In order to obtain an expression for JIy it is necessary to subtract (8.5)
trom (8.8): . Yo ,a=
81, = 8P — B, = = (84 + 85 -+ Bp1) +-

+ 1;('1!1-7)” (8x + 8(RT,)) — -‘-vl—"v(ﬁwe +8F,)—

- +?p)—'ab—__b' 8(q (Aa)] — v:8F, +

q(Ag)

(m+D)yo+m(l—v)
— TudTw+ (1 4 ) 8%c: (8.9)
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8Xe in turn can be represented in the form of a sum of variations of in-
dividual types of losses in the supersonic portion of the nozzle:

O%e = )_. 8%, (8.10)

Of these, only dispersion losses can be expressed by simple analytical
relations:

8e, = tg 5 bt
g, = -i- tg-‘-‘#ﬂ- (18ax1 4- croeto)

-= in the case of a conical nozzle;
== in the case of a shaped nozzle.

Calculated determination of variations of other types of losses in the
supersonic portion of the nozzle encounters substantial difficulties.

It is stated in [19) that different kinds of losses of specific impulse,
as losses due to two-phase flow, due to recombination processes, heat
dissipation into the nozzle walls and losses in the boundary layer can be
connected with engine pressure and with nozzle dimensions as follows:
1
%™ R
where Rk, == radius of critical section.

Consequently, the relative variance of these losses with specified con-
ditions of flow in the nozzle can in a first approximation be considered

as
axc‘ =R — 0.1 (bpxp + 28p‘).

Coefficients of system of equations (8.1)-~(8.,10) are figured for a specific
motor on the basis of its known characteristics. For specified external
and internal disturbances aﬁxi, one can determine from a solution to the
system of equations deviations of engine operating parameters dy; from
their nominal values, and one can obtain coefficients of influence

oy

75% as deviations of individual engine operating parameters by a unit
of deviation of each of the disturbing factors xj. Maximum deviations of
principal operating parameters are determined with the following formulas:

8px,mp = VZ %s—’:—&.\‘, ;

Gly.np:" ‘/ 2‘(%&54\’
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8u,, 88, bp"‘B(R7uy 6%, 8¢, 8F,, constitute disturbances orxi entaring
into the formulas for ka.n and Jﬁ\c. np Disturbances §F, 8y, 8 (g (As))

above and beyond the ones enumerated above, also enter into the formula
for JPWP and JIy. ppe Derivatives
dp, ome P Oy
T W W

constitute coefficlents of influence determined from the solution of system
(8.1)-(8.10) ralative to the specified disturbing factors.

8.2, Relations for Deviations in Operating Parameters of Solid-Propellant
Rocket Motors in the Environs of Specified Conditions in the Case of
a One-Dimensional Solution

Analytical determination of deviations of RDIT operating parameters in the
environs of specified (nominal) conditions in the given case are based on
solution of a system of linearized equations obtained as a result of trans-
formation of relations (see 7.5).

As in the preceding paragraph, we shall present deviations of operating
parameters and charging parameters of RDIT in relative ‘quantities.
Dimensionless coefficients with relative deviations (variations) are given
in the designations previously adopted in Chapter 1.

Logarithmically varying equation (7,30), which links pressure at the forward
end of the engine with charging parameters and combined gas-dynamic function
4)(}\) and proceeding to relative deviations, we obtain

80y = 15 80, o o +- 856 — 8F, + - 81 +
+ 3 8(RT,) — oy 7 (O B, ]

We shall present this relation in the following form:
05280, -+ BB0: - H3But0 +- 63856 -+
where + B3OF, + b3y + 6§78 (RT') + aldh =0, (8.11)

1 .
a;f‘=—-l: %’=b§=b‘3 ='l—'_—,,"v

R T 1 |
b:"—l_:_-'\?; b} = b3 =T )

e d 1
d = -5y wOM -
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A relative change in pressure drop along the charge can be presented in
the form

Opa _ Opu

Pk Opax’

oApAAK-'

Utilizing relations (7,24) and (7.31), we obtain
. 1 (M
OAPI‘RE _r( ) apﬂcl-‘.l——‘?%%).ap“

a8 Aps v+ a4 0ps + agt K@Pn =0, 8.12)

or

where » |
o= =1 Gy
r(A

P,
Oxlx = — —r ()

In like manner we obtain from equation (7,31)

oApn.x =08p, — 'If,;m 'adr [r (M)} 8

a:’*&Ap‘. o+ af%dp, 4 as8h =0, (8.13)

or

where

A d
a:P I: a:l- 1; a,’;ﬂ—wwl’aﬁn

Logarithmicly varying the equation of gas flow through the nozzle and
proceeding to relative deviations, we obtain

8 = 8 + 80, + 8p, + OF,(p — -4-8x — -4~ (RT,) —

d
— - [ s O,
or
“:' cbﬂ.lc + b:. c&pc + ag caac + a:. cﬁpx + b:. ¢6an +
- b%, By + bRTS(RT\) + ab. A = 0, (8.14)
where . _
ags =—1 b:.c':' a:.cE a:.cab:.c_ 4

K. C
R

ak o= — - (v 5 - .
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Differentiating an expression for ¢ ,, after transformations we obtain

d »
a0 EE (8.15)
k1 1 . *
S !

Logarithmically varying the gas flow equation for the charge cavity exit
section and proceeding to relative deviations, we obtain

bog =2 —

Bty == 8F, o+ 8p— - 84 — - 8 (RT\) + - (g (M) O

or

. ) R
agwdm, - bEOF, +- a28p, -+ b0y, - HRTS {RT.) + b}k6A =0, (8.16)
where

==l b=y b= T L

A M d
b= “oo o M)

In like manner, transforming the equation of gas generation from the
charge end surface, we obtain

8, = Bp; -} 8S; - Sutyo - vBp,

or '
Q71 - b3Bp; +- B570Ss + biBuro + aBpx =0,  (8.17)
where ar=—1; bﬂ=b,s.=;b{.‘=;l; Gy =V,
We can transform as follows the last equation -- sums of gas generated

from the end surface and cavity surface:

‘apﬁcao/h,-ﬁ’:’--yarh,(;:—:.

Since
My = Prtt1oSePuKis
f;lr = Pr“erP:;

- v S-r

e = praxoSsp.‘(Ku + 3-3—) ’
we obtain i Ke . e 5|

me  KetS' me  Kyt+S'

where 5= S./Ss.
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In final form we obtain . o ., T
a5 ebime - a7 78y - ag xomy = 0 (8.18)

where . .
m \ "
acﬁ-—-l' a°1‘=

3 . J Ku
Tods) W =T45"

We have obtained a closed system of eight equations, Following are un~
knowns in this system:

8%, 8py, 8Ap,, v 80, Brmy, By, S
External and internal disturbances are manifested in the form
8ut30, 8py, OF, GFupn & 6 (RT), 8Sg, 8S, Spe.
The obtained system of equations makes it poasible for the specified dis=-
turbances to find deviations of the principal parameters of the in-chamber

process and gas flow through the nozzle.

In order to obtain thrust variations we must utilize equation (7.43),
transforming it as was done in 8,1,

We shall obtain the following:
d
8P = (1 1) {80 -+ 805 +- B - 8Fry — iy - 8 (1)) 8} —

— ¥p8F,.
Value §py is placed here from the solution of system of equations (8.11)-
(8.18).

Variations of specific thrust impulse are obtained as

61, = 8P — bm,.
For brevity of presentation in deriving a system of equations, we have not
examined the individual variation components ujg and RTy, which can be in-

troduced into the equations as was shown on 8.1,

We shall note that the relationship between variations fpk and the dis-
turbances producing them can be established by another method, logarithmical-
ly varying equation (7.40).

Table 8.1 contains coefficients of influence calculated for RDTT with the
following characteristics:

v =03 A =103 k =20 Ay, =015 k=12; §=0,05
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Table 8.1,

OtRAOKRHIA RADAMETDOD HA CANMHLY OTXAONENAN
nomyuuuue 1 2 BOAMYLULAOLIErO DARTOPA
OP“ AP“ ‘L‘ 6';!:
Suyo 1,429 1,429 0 T4
dpy 1,420 1,420 o0 | 14
6 (%RTy) 0,714 0,714 0 0,214
8Fy -0,410 -—2,363 1,068 -2,370
8Fyp =019 | —0834 | 1,066 | ~1,90
8Sg 1,384 ~-1,460 1,047 1,470
8oe —1,020 —0,836 —1,085 —1,041
8Sy 0,046 0,041 0,047 0,041
Key: :
1. Disturbance 2, Deviations of parameters per unit
of deviation of the disturbing
factor

The following conclusions can be drawn from the calculation results:

1. Disturbances J.ulo, Jb 7 and d (% RTy), do not influence quantity

Aks produce in the case under examination the same relative deviations d'p
and Jﬁ\c as in the case of a zero-dimensional solution. Coefficients of in-
fluence for pressure prove to be equal to 1/1-¥ for dpr and dujg, and for
J (X RTy) comprise
1

-7

! for pressure and -'-(—-——-l) for rate
T—v ? v

of flow.

2, A different character of influence is observed for disturbances
connected with change in A k. Influence ;Fk, ;ka and JS;’ is manifested
most strongly.

An additional relationship between coefficients of influence is seen from
the numerical results of all calculations, including those contained in
Table 8.2:

This relation can be obtained analytically if one logarithmically varies
formula (7.40).
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Table 8.2,
1 Omtaonenne OpA HA CAUMNLY OTKAORANMA BOIMYUIAKLLErO baKkTOPA 2
Dosuyunienne
3 m 0,08 3mo,1 Sum0,8

8Fy -],202 1,183

8Fyp —0,227 ~0,248 vy 4

8Ss 1,420 1,411 1,326

68,‘ 0,008 0,018 0,104
Key:

1. Disturbance

2, Deviation J‘p‘“ per unit of dis=-
turbing factor deviation

3. The influence of disturbancaes J'Fk. Jka and J'S¢ increases
with a decrease in characteristic S, that is, with a decrease in the role
of end burning in the process of gas formation. This is evident from
Table 8.2, which contains the results of caleulations for variants dif-
fering by quantity S, but with common values of the remaining characteristics:

v =034 =0,5; &y, =2,0; Ap = 0,15, & = 1,2,

At the same time the influence of deviation d St increases.

4. The influence of deviations J'Fk and JSg on quantity ‘fRa. in-
creases substantially with an increase in Ak» which can be seen from the
figures in tables 8.1 and 8.2, obtained for py=0.3 and =0.5. The in-
fluence of deviations J‘ka and J'ST decreases with an increase in ) k.

5. The value of erosion coefficient ky influences in the same

direction as 7\k' Table 8.3 contains results of calculations for variants
differing in their values with common characteristics

v=03; A =03 A, =015 k=12 §= 0,05,

Tab le 8 . 3 .
- . 1 Om 8pp ua oTX 20IMY 0 haxtopa 2
o M= 18 =20 Ay=18

8Fx 0,360 0,410 0,454
8F«p 1,069 1,019 0,976
8Sq 1,381 1,384 1,386
88, 0,047 0,045 0,042

Key:

1. Disturbance

2. Deviation arp‘ per unit of disturbing
factor deviation
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8.3, Selection of Optimal pj and Ay Values

Selection of optimal RDIT design parameters and operating conditions in

engine design and engineering has the ultimate objective of obtaining

the least launch mass value my for a vehicle with a specified payload
‘ LI and performance data (range, speed and altitude).

The initial mass of a rocket with RDTT is determined in general form as

- Mo, u
mo l—llx(l-\-u)—i’ (8-'9’

vhere p = w_/_mo -~ relative fuel reserve; == coefficient of engine mass
perfection; k =~ a coefficient taking into account the mass of connecting
asgemblies, lines, aerodynamic elements and auxiliary devices.

Consequently, determination of the condition of minimum value of mg boils
down to examination for the extremum of product M i (1+d), which is the
function of a large number of ballistic, gas-dynamic and structural
parameters, Performance of this task develops into a multilevel in-
vestigation which goes far beyond the limits of the topic under in=-
vestigation. Within the framework of our presentation we shall limit our-
selves to a brief analysis of the influence of two parameters on the mass
characteristics of the vehicle -- engine operating pressure py and
quantity A, which constitutes one of the most important characteristics
of loading conditions. With this approach the condition of the extremum
is written in the form

da X
o M +—g§x—(l +a)=0;
da (8.20)

- =0,

OAx
We shall examine derivative e

where the first factor of the right side characterizes change in required
fuel reserve with change in specific impulse Iy when vy=const. Taking in-
to account gravitational losses, which for vertically-launched rockets
comprise the bulk of velocity losses in the powered segment of flight,

a by
| — Uy) ~—
o MUTRITTE e
(g mconst)y Iy lJpK _._%..
where ¥} -- initial thrust-weight ratio
~Ps..
n g”’o '
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a and b == coefficlents of approximation, dependent on the control
program, that is, on the type of function 8=6 (}1) For example, for
function 8 (M) in [27], a=0,10, b=0,689,

If in the first approximation we proceed from Tsiolkovskiy's formula,

than
%"'— Px In(1 ""Px)-

which also follows from relation (8.21), when n=o,

Derivative 91 /ka expresses the relationship between specific impulse
and combustion chamber pressure, which was examined in general form in
Chapter 3. according to the approximation dependence of RDTIT specific
impulse on pressure obtained in [4] for standard composite propellants
when py=(30-70).105 Pa,

al.
55 = 0,76 — 0,006p,.

Let us examine the relationship to pressure of engine mass perfection co-
efficient @ =m /@. Without going into a-detailed analysis of the
components of engﬁne structure mass mg, n, We shall represent it as the
sum of two terms:

mx.u=mu.s+mn.sv

where My 5 - Mmass of the structure's load-bearing elements, for which
the forces of engine internal pressure are the principal type of load;
m 4y, ~- mass of structure elements indifferent to internal pressure
(heat shielding components, nozzle inserts, diaphragms, etc). Quantity
mp.y 18 determined chiefly by the mass of the cylindrical engine case
and end plates., Mass of the cylindrical case is

My, x = ”szkaL-A‘m

where Dy--- engine bore; p y —— density of material; L -- length of
charge; kL -~ coefficient taking into account difference in charge and
thrust chamber lengths; J | -~ relative wall thickness, equal to
. y L)
| Bn= 20,

.

Here p'p -- calculated pressure; @ g -— ultimate strength of case
material.

The mass of two end plates of elliptical shape without insulation and

nozzle cutouts with a semiaxis ratio of 1:2 is determined with the follow~
ing formula [4]:

mg = —g— aDipBg

where ZA -- relative thickness of end plate wall,
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Hencaforth we shall assume 8,, =Z.¢ + Consequently mass my 4 can ba
presented in a first approximation as

My, o =2 kmnﬂDa(’k-A-u (kLr+ '%“) )

vhere 1, == charge length in gauges; kgyy == coefficient taking into ac-
count mags of additional elements also contained in my g (fasteners,
threaded connections, etc).

Derivative g% with specified charge mass and length is determined as
do _ 1 dmy,
42 = -“-’-—é'f-mk,,,.. (k L+ T)T—k,.. (8.22)

where kp=p 'm/Pk == coefficient of calculated pressure exceeding engine
working pressure.

Let us examine the structure of coefficient kp:

ko= 1y (1 4 8py) —"B;‘m—"--%NT— (8.23)

Factor pyr/pgy characterizes change in py with change in initial charge
temperature in the specified temperature range of engine utilization:
Tyn * THT. Calculation of ratio pyr/pkyN 18 examined in Chapter 10.
Ratto (p p max/Pk) 1s Figured with formula (7.43).

Factor (1+ fp ) takes into account maximum variance of quantity pga in
the environs of its nominal value. Maximum variance dp with the
assumption that the principal disturbances engendering ipare of a random
nature and are governed by the law of normal distribution:

épa np= V 10) ('g_:f‘ 591') (71',‘%"6"‘.)2 4 vemp

e °X)+[T?é’%~:>-5<’*"~)]’ +(58%) +

+ (2 65,)" + (22 80.) - (8.24)

Here Jum, J\p Ts» ete -- values of disturbances; -%—, -%’;—:— » etc == co-
10

efficients of influence of disturbances on quantity Pp, > determined from
solution of (8.11)-(6.18) as numbers indicacing deviation dp, , caused by
a single disturbauce of a given type, is a reserve strength factor
adopted on the basis of experience in enggne development or determined for
specified reliability taking into account normal distribution of wall
thickness, material strength characteristic, and quantity pA .
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In selecting an engine working pressure from extremum conditions py (1+d),
it is also necessary to consider possibilities of abnormal burning and
engine operation instability when py drops below a certain limit deter=-
mined experimentally for each propellant == Pkmine This condition can be
presented in the form

Pu(l = 8Py, wp) > Py uns (8.26)

where ' Pk, -- maximum spread of pj around its nominal value with the
lowest utilization temperature Ty mine

Quantity lfpk, np» according to 8,1, 1s calculated with the formula

al’n.nv""l"'_l:‘;' X

% J/ (B 4 (88 + (8p,)* + § (89)° -+ 8 (RT )1 4+ (89 -+ (6F )
(8.26)

In case the value of py obtained from the condition of the optimum

fails to satisfy condition (8,25), in spite of the condition of optimiza-
tion it is necessary to proceed from a higher value of pyg, which should
ensure reliability of engine operation at the lower pressure limit,

Probability of normal engine operation at the lower working pressure limit

is determined as
Bep (o = P o > 0) = ©(2),

B where @ (2) -~ Gauss probability integral;

Ze= Px == Px min_,
Op min

7 ., 3
Op min = Vo’x + Osnent

Here @  pin —— root-mean-square deviation of pi, calculated on the basis
of solugion (8.1); & p akey == root-mean-square error with which allow-
able value py pin is determined experimentally.

It follows from the above-examined relations that static characteristics
play an important role in selection of optimal engine pressure.

The second equation of system (8.20) establishes in general form a link
between coefficient a and gas-dynamic parameter \yx. Velocity coef-
ficient A i influences quantity a in two directioms:

according to relation (7.43), coefficient Ny, with specified
value py, determines ratio p m/pk, and consequently calculated value
p'm as well, that is, an incrdase in A i should lead to a heavier
structure and increase in a;
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according to relation (7.30), quantity % i, with specified value
Pa » determines charge flow passage cross sectional area Fy, and con-
stquently the coefficient of engine propellant filling.

Selection of a higher value Ak leads to a decrease in Fy, and consequently
to a decrease in a,

Following these conclusions, derivative %. can be written in the form
Py

9 da 3 (pam\y Oa 38 _
?ﬁ""o,wm/p..) ?&T( Px )+ T O ®.27)

Here § =Sp/Fiay coefficient of propellant f£illing of thrust chamber cross
sectional area Fia,

This coefficient can be presented in the form

Hence 3 . e=;1 Faaa '
(]
B Fuan OMiOFx '

Derivative Jﬂx/‘f)FK is determined from solution (8.2).
Derivative 3a/dc is determined on the basis of analysis of masses and

dimensions of RDTT structural elements.
«

Mol = -

v oam 2a

Figure 8.1. Dependence of Coefficient of RDIT Mass Perfection on Ak

Solution of equation (8.27) enables one to establish an optimal value

M k.o T» which with the adopted level py ensures minimum & (Figure 8.1).
In the region lying to the left of @y o eTs the influenced low density
of engine propellant filling predominates with low values of Ak and
correspondingly high Fg. In the region to the right of Ap.onT the
factor of more heavily weighting the structure due to an increase in the
ratio py m/Pk with an increase in Ak predominates. At the point of the
optimum, the influence of these oppositely-acting factors balances, secur-

ing apine
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Wo shall note that in place of argument A one :an utilize Pohedonostsev's

eriterion g, 5;/71, aince according to (7.30), there exists an unambiguous
correspondénce batween 3 and Ak. This will lead to change in the form

of notation of the above-examined relations, without altering their sub-
stance,

Linked to optimal values py and Ay is such an important RDIT
characteristic as ultimate operating time 7., which is defined as the
fuel burnup time by the thickness of the bugkgng web, Nominal value ¢ np
is determined as ¢

L

J u (2) [p(2))" d2

where Zue/el -~ relative thickness of burned propellant layer.
Here functions p (2) and uy (2) take into consideration changes in pres-
sure and unit burning rate, corresponding to current value Z., Erosion
effect at the initiation of burning, as well as change in uj in web thick=
ness, due to nonuniformity of temperature field, is taken into account
by function uy (2).
Variation of ultimate engine operating time is determined as

Gr,,, = 681 — 5“1 -_ Vaﬁm
where dej -- relative deviation of thickness of burning web, caused by

manufacturing errors; ¢ u; -- variation of unit burning rate; F) Pk ==
variation of mean indicated engine pressure,
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Chapter 9. FACTORS DISTURBING OPERATING CONDITIONS
OF SOLID-PROPELLANT ROCKET MOTORS

9,1, General Survey of Disturbing Factors

Factors causing disturbance of RDTT operating conditions and deviation
of operating parameters from specified figures are extremely diversified
in their nature and manifestation. ome are connected with variance in
loading parameters and random processes during engine operation. Others
constitute factors not taken into account in deriving principal relations
for calculating RDTT operating characteristics. The influence of these
factors in comparison with the main factors entering into calculated
relations is small, and from methodological considerations should be
figured in the form of corrections, that is, disturbances of calculated
operating conditions.,

Disturbing factors are divided into external and internal, based on
mode of manifestation.

External disturbing factors include the following:
deviations of charge initial temperature, caused by changes in
ambient temperature and accompanied by changes in rate of fuel burning,

its energy characteristic RTy and density @q:

external load factors which alter the conditions of charge burn-
ing and which disrupt its continuity.

Following are internal disturbing factors:

deviation of charge geometry within the limits of process allow-
ances in its manufacture;

variance in propellant burning rates and energy characteristics,
caused by deviations in its composition and manufacturing process from
standards;
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deviations of nozzle throat area and dimensions of exhaust bell .
mouth from nominal value within the limits of nozzle and nozzle insert
manufacturing tolerances;

defects in charge mechanical structure (eracks, pores), occurring
during charge manufacture or during storage and transport,

The above-enumerated internal disturbing factors are connected with errors
of manufacture and manufacturing process deviations., In addition internal
disturbing factors are in operation which are caused by phenomena attend-

ing the RDTT operating process., These factors include the following:

change in nozzle throat area as a consequence of heat erosion or, on
the contrary, as a consequence of slagging (obliteration) by condensed
propellant combustion products;

variance in heat losses due to variability of processes of heat
transfer from combustion products to the engine's interior surface;

variance in completeness of propellant combustion as a consequence
of instability of combustion conditions, as well as mechanical ejection
of incompletely-burned charge particles;

change in flow rate of propellant combustion products and their
thermodynamic characteristics due to mass removal of insulation and non-
propellant motor components.

The above is a list of the principal factors causing deviation in RDTT
- operating parameters from their calculated (standard) values.

One should bear in mind that the influence of one and the same disturbing
factor can be manifested in several directions, causing various dis-
turbances which in turn determine variance of RDTT operating character-
istics, For example, change in initial charge temperature gives rise to

disturbances
du,, oSy, Sy, dpr o ot

The enumerated factors are far from equivalent in degree of effect on
RDTT operating conditions, We should emphasize first of all the tempera-
ture factor, which significantly exceeds all other factors in its con-
sequences, a fact which makes it necessary to devote a separate chapter
to examination of this factor. Sections in this chapter deal with the
most significant of the other factors.

9.2. Influence of G-loadings on Operating Conditions of Solid-Propellant
Rocket Motors

G-loadings of various direction, to which a rocket is subjected in flight,

can influence RDIT operating conditions through disturbances of various
kinds, the principal disturbances among which are the following:
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change in rate of fuel burning;

change in burning surface as a consequence of formation of cracks
and disruption of charge-case adhesion;

change in thrust chamber flow passage cross gsectional areas as a
consequence of charge deformation;

change in nozzle flow rate coefficient.
9.2.1., Change in Propellant Burning Rate Under G-loadings

As experiment indicates, the burning rate of solid propellant increases
in a stressed state.

R. Ye. Sorkin [24] links this with stress tensor influence on the rate
of condensed phase breakdown, equating this phenomenon with dispersion
of propellant microparticles from the surface into the gaseous phase, It
is possible that an increase in the propellant burning rate in a
stressed state is caused by the appearance of a network of microcracks,
that is, increase in the effective propellant burning surface.

It is proposed that the influence of charge deformation on burning rate
be taken into account by means of introducing into the law governing TRT
combustion a correction factor [24]:

Ree)+me”,

where € -- deformation of elongation; 17 -~ experimental coefficient;
n -- exponent,

In calculating disturbances of RDTT operating conditions one should
assume the following:

Ju,,_:") f-"'

Change in burning rate from centrifugal G-loadings was discovered in
developing rockets and missiles with RDTT which turn in £light on their
longitudinal axis. Studies of TRT combustion in motors mounted on a
centrifuge or on a rotating test bench indicated that all types of rocket
propellants are subjected to the influence of centrifugal G-loadings on
rate of burning, but this influence is stronger on propellants with
metal additives and begins to be manifested at a low level of G-loading
[12].

Change in the burning rate during rotation is caused by the thermal ef-
fect of condensate particles on the charge burning surface. Craters are
formed on this surface, at the peaks of which globules of condensate are
located. Formation of craters leads to increased effective charge
surface and consequently to increase in the mass burning rate. At the
game time there is an increase in the linear rate of propellant burning.
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This takes place as a consequence of the fact that combustion of metal
particles takes place near the surface, which leads to an increase

in heat flow toward the surface, Intensification of heat transfer from
gases to propellant is also achieved due to the heat conductivity of the
contacting condensate particles, In the final analysis the effective
burning rate (that is, in relation to flat burning surface) increases,
A similar mechanism of interaction between condensate and combustion
surface 1s manifested not only in metallized composite propellants but
also in propellants of any composition, including ballistite, since the
combustion products of any TRT contain a certain quantity of solid
particles.,

The authors of [23] propose that the coefficient of increase of
propellant burning rate with centrifugal G-loadings kq be determined
from analytically obtained equation

ka (ko —~ 1) + -2V Fa(ka — 1)=D,

- where Dy= hk/’\r ~- ratio of coefficients of heat conductivity of
propellant combustion particles and gaseous products; D; -- dimensionless
parameter constituting a complex aggregate of physicochemical character-
istics of propellant and combustion products, which is determined
experimentally; N -- G-loading factor.

Change in burning rate under G-loadings is determined by the magnitude

and orilentation of the acceleration vector relative to the burning sur-
face; maximum change occurs when the centrifugal force vector is directed
perpendicular to the burning surface and into the charge. With an increase
in G-loading the burning rate increases, asymptotically approaching its
upper limit:

oy, = lim ko = + (1 + Vi F1).

When calculating RDTT operating condition disturbances one should assume
Suig = kg — 1.

9.2.2, Change in Charge Burning Surface Under G-loadings As a Consequence
of Formation of Cracks

In the process of operation a rocket propellant charge is affected by
loads of various kind, which begins during manufacture and is continued
at subsequent stages of utilization during transport, storage under
variable temperature conditions, loading, etc. Accumulation of the
influence of applied loads can lead to the formation of cracks. Sig-
nificant defects in charge structure occurring in the process of manu-
facturing and storage can be discovered by means of crack detection in-
spections and can serve as a reason for removing a motor from use.
However, detection of small defects is difficult.
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Rapid pressure-loading of a charge during engine ignition and imposi-
tion on the charge of various-directed G-loadings during flight can lead
to the growth of prior-formed small cracks and the appearance of new
cracks at points where the mechanical structure of the charge weakens.
Crack formation in bonded charges of composite propellant is connected
with the existence of tensile stresses, For inserted charges the oc-
currence of cracks is possible when the charge strikes the diaphragm with
a sharp increase in axial loadings.

It would be erroneous to assume that the surface of any crack constitutes
a direct addition to the total charge burning surface., The conditions of
flame propagation in narrow cracks and channels were the subject of
special experimental studies [11]. It was established that there exists
a certain threshold crack width below which flame propagation deep into
the crack becomes impossible, and consequently inclusion of the crack

- surface in the overall burning surface as well, Following are the
principal factors determining threshold crack width: composition of the
propellant, its burning rate, pressure, initial charge temperature.
Threshold crack width decreases with an increase in pressure and
propellant burning rate as well as with an increase in oxidizer content,

- It increases with an increase in oxidizer average particle diameter.

If flame penetrates into a crack, the crack may continue to develop as
a consequence of the development of overpressure within the crack, as

well as from stresses applied to the propellant caused by G-loadings.

Tensile stresses acting in a direction crosswise to the crack are the

most dangerous for crack growth.

In determining deviations of engine operating conditions caused by the
occurrence of cracks in a'IRT charge, one must take into consideration
crack existence time, figured from the moment the crack is opened by the
combustion front to complete burnup of the propellant layer in which the
crack is located. If during this time engine pressure reaches a new
level corresponding to the increased burning surface, consideration of
the influence of a crack, manifested in the form of disturbance &8, is
effected on the bagsis of the relations in Chapter 8, If crack existence
time is significantly less than transient process time, investigation of
such disturbances passes into the area of RDTT dynamic characteristics

~ examined in the second part of this study.

9.2.3. Change in Thrust Chamber Flow Passage Cross Sectional Areas With
Axial G-loading

A composite propellant charge bonded to the case seeks to displace toward
the nozzle under the effect of pressure drop forces along its length

Ap‘ .k and axial G-loadings. This is hindered by forces of adhesion between
propellant and case, as well as internal propellant cohesion forces. With
considerable charge length and G-loadings there occurs an appreciable

axial creep by the propellant mass, which leads to change in engine flow
passage cross sectional areas., Change in cross sectional area varies.
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along the length of the charge. The consequences of this change also
differ. An increase in flow passage cross sectional areas in the for-
ward part of the charge, where gas velocities are significantly below
the erosion combustion threshold, does not produce substantial changes
in conditions of propellant burning, On the contrary, a decrease in
flow passage cross sectional areas in that portion of the charge ad-
jacent to the nozzle, where erosion combustion occurs, leads to in-
tensification of the erosion effect and can have a substantial influence
on engine operating characteristics,

In other words, when calculating disturbances of RDTT operating conditions,
in this instance one can proceed from change in cross sectional area of
gas-dynamic passage drFk, estimated from charge deformation in the lower
portion, facing the nozzle,

Change in nozzle flow rate coefficient with centrifugal G-loadings is

due to nonuniformity of distribution of pressure of the slowed flow in
the nozzle inlet section. This effect is observed at high rpm, and its
consideration becomes substantial only for spin-stabilized projectiles,

9.3. Nozzle erosion

In an RDTT the nozzle is the most heat-stressed structural assembly., The
critical section reglon -- the nozzle throat -- is particularly heavy and
is the mogt subjected to erosion.

Heat erosion of the nozzle throat area results in decreased engine pres-
sure as well as thrust and specific thrust impulse., A decrease in P and
I, takes place both as a consequence of a drop in pressure and a decrease
in the da/dkp ratio, since heat erosion of the nozzle exit section is
usually insignificant in comparison with Fgp erosion.

Following are the principal factors determining the magnitude of nozzle
erosion:

1) gas flow parameters (gas temperature and density, composition
of combustion products);

2) thermal state of nozzle surface;
3) nozzle material;
4) duration of éngine operation.

In estimating expected nozzle throat area erosion, one must differentiate
among the following principal events.

1. Nozzles on motors with brief charge burning time, operating under

transient heating conditions, fabricated of metals with a melting point
below the propellant burning temperature (T,u< Tk);
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2, Nozzle inserts of heat-resistant materials (various forms of
graphite, tungsten, molybdenum) with a melting point (sublimation)
above the propellant burning temperature (m.‘ [Y Tk)'

We shall initially examine the first case.

As is indicated by an analysis of experimental data on erosion of

nozzles fabricated of metals with a relatively low melting point (stain-
less and chrome steel, heat-resistant steel, etc), significant nozzle
erosion is observed in those cases when temperature on the interior
surface of the nozzle throat reaches a certain critical level T¥ g, close
to the metal's melting point.

Duration of nozzle operation without significant erosion of the throat
area will be determined by the time required to reach temperature T g.
The method of estimating quantity «fs . 1s presented in [22]. Here we
shall limit ourselves to an overall approximate relation for Top ob=-
tained on the basis of the specified method:

Tnp = 1,42 (In 62, )28 2L, ©.1)
Here @
Ty—Te
. K c.B ,
ey e
Ty -- initial temperature of nozzle material;,\ » Cy P -- coefficients of

heat conductivity, heat capacity and density of nozzle material respective-
1y; e -- heat transfer coefficient.

The formula is valid for the region of Biot criterion values Bi=0.4-4.0,

It follows from the formula that nozzle erosionless operating time
decreases sharply with an increase in propellant burning temperature Ty
and heat transfer coefficient a, which in turn is determined by the level
of working pressure in the engine, Time ¢y increases with an increase
in set kcp -- thermal activity of the matergal. As a consequence of
this, low-carbon steel is a preferable material for nozzles of this type,
with a coefficient of thermal conductivity several times greater than

for heat-resistant steels.

Let us proceed to the second case. When utilizing nozzle inserts of heat-
resistant materials with a melting (sublimation) point higher than the tem-
perature of the propellant combustion products, chemical erosion is the
main cause of nozzle throat erosion. Solid propellant combustion

products contain a number of compounds and elements which at high tem-
peratures can enter into chemical reaction with the nozzle imsert material,
forming oxides of carbon or metals., As is indicated by studies, under
conditions of an RDIT, water vapor and carbon dioxide possess a high

degree of chemical activity [2]. For example, the following reactions

with graphite are possible:

174
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP382-00850R000100080028-2

FOR OFFICIAL USE ONLY

- C + CO, - 2CO; C + H,0—CO + H,.
The linear rate of chemical erosion is determined by the following

relation [22]:
otk CoyMy1
Uty = La,,p. E‘_‘, e (9.2)

where ¢ =~ coefficient of convective heat emission; c, -- mean thermal
capacity of combustion products in the region of the boundary layer;

Cei -=- concentration of i oxidizing component of combustion products at
the core of the flow; Mgy, Mgy =~ molecular masses of the oxidized and
oxidizing components (elements); K -- stoichiometric coefficient in the
equation of oxidizer reaction with an oxidizing component; @5 -~ density
of insert material; ¢ -- coefficient taking into account the state of
the insert surface and the structure of its material.

In view of the fact that at the present time coefficient €@ is determined
only experimentally, this relation does not enable one to obtain reliable
calculated figures. Establishing a direct relationship between rate of
erosion and coefficient of convective heat emission, however, it opens up
the way to modelin 06 ﬁrosion processes, Since according to the Bartz
relation (ka.po- dEp' » the rate of nozzle erosion on a full-scale
specimen can be determined from the test figures on a model version as

P \08 ( dup. uoa )a.z
Uy = Usyop ( Px. uon ) dxp '

where Prowopr xp. uog -~ pressure and throat area diameter for the
model.

During nozzle erosion considerable surface roughness may occur as a con-
sequence of nonuniform removal of material. This leads to additional
losses of specific thrust impulse due to friction, According to ex-
perimental data [33], these losses may comprise 0.5-1,0% of nominal
value.

Total drop in specific impulse due to nozzle erosion as a consequence of
drop in pressure, decrease in expansion ratio and development of roughness
can constitute a considerable quantity from its initial value, correspond-
ing to initiation of engine operation.

In some cases in the process of engine operation there occurs a decrease
in nozzle throat area (nozzle obliteration) as a consequence of deposition
of condensed phase on the nozzle surface, This process can be cyclic.
Periods of deposition of condensate can alternate with periods of con-
densate removal, when the force of gas-dynamic resistance exceeds the
force of its cohesion with the nozzle wall.

Methods of calculating condensate deposition on nozzle walls have been
little elaborated up to the present time,
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9.4, Disturbances of Operating Conditions of a Solid-Propellant Rocket
Motor and Its Output Characteristics Connected With Removal of
Thermal Protection Materials

Active thermal protection of the motor structure is extensively utilized
in RDTT with extended operating time, protection based on absorption of
a substantial percentage of the heat transferred to the surface with
breakdown and removal of heat shielding material, Polymer-based heat
ghielding materials (T2M), most frequently reinforced plastics, are
employed for this purpose, Under the effect of heat there takes place
breakdown of the organic bond (rubber, epoxy or phenolic resins, etc),
with the formation of gases and coke residue., The latter forms, to-
gether with a filler, a porous carbonized layer, which subsequently,
interacting with the stream of propellant combustion products, is carried
away from the surface of the protective coating, Thus as a result of
the thermal action of the main flow of gases on the protective coating,
there occurs complete removal of a certain layer of the coating and
formation of a carbonized layer, which retains solid pyrolysis products
and filler. The relationship between thickness of the removed and
carbonized layers is determined by the characteristics of the material
and the concrete conditions of protective coating operationm.

Following are the principal consequences of breakdown and removal of the
protective coating:

1) change in the composition and temperature of propellant com-
bugtion products at nozzle throat section inlet;

2) change in flow rate of gases emerging from the thrust chamber
and at nozzle exit;

3) change in passive weight of the structure.

In chemical composition protective coating components subjected to thermal
destruction are close to the fuel-binder of composite fuels. One can as-
sume that the decomposition products of these coating compoments will
affect the equilibrium composition of the gaseous phase of TRT combustion
products in a first approximation just as change in the content of fuel-
binder in the composition of propellant, which can be expressed by the
following relation:

8 (RT\Je == (RT) g O 9

where M, -- relative content of fuel-binder in the propellant; JE‘- -
change in this percentage due to TZM lheat protection coating].

Since all rocket propellants known from the literature are compositions
with a negative oxygen balance, quantity J‘(RTk) 1s negative,
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The degree of influence of the examined factor depends on the degree to

which the composition of a given propellant differs from stoichiometric,
gince quantity :

d (RT\) increases in a direction away from
dm * stoichiometry toward excessive binder.

This also determines the contradictory nature of data in the literature on

the influence of removal of protective coating on quantity RTy and specific
thrust impulse,

The influence of the filler, which proceeds together with products of de-
composition from the removed coating layer, is different. Alongside a given
thermal effect of reactions taking place in the flow core, as a rule its
entry will be accompanied by an increase in condensed phase content:

d ~
8 (RT\Jy = —2— (RT\) -1 04

where T.TTH -- relative percentage share of condensed phase; Jﬁﬂ -~ in-
crease in this share due to inflow of condensed coating removal products.

Relative change 8 (RT), =8 (RT\), + 8 (RT.). will be manifested
in change in pressure in the engine, thrust and specific thrust impulse.
The simplest thing is to take into consideration the influence of additional
mass TZP removal products in prior-derived relations by means of variation
fPT' which, applied to this problem, we can present in the form

8pr = 8y, -+ SmupY, . 9.5)
where J{;T -~ variation of density of the principal propellant; Jﬁxfﬂnn-/ﬂvr -
coating mass protection in relation to consumption of principal

propellant at operating pressure pg.

Let us examine how RDTT principal characteristics for a zero-dimensional
solution change due to removal of in-chamber heat protection coating.

According to relations (8.4), (8.5), and (8.9), we obtain

89y, n = T 6Pk + -8 (RTn |
(6midy. = = [ 87apk + 3-8 (RTun | 5 l 9.6

(81y)y. =L 8rupk - 52§ (RT )
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A number of investigators have endeavored to introduce an independent
spoclfic impulse of TZP and burned nonpropellant materials, determining it
from losses of RDTT specific impulse, However, the values of this
characteristic obtained by them range within broad limits from 50 to 200 s,
varying in relation to the propellant oxygen balance [19, 35]. For
example, for a spacecraft RDTT burning a propellant with I,=290, and with
TZP removal comprising 0.5-1.5% of propellant mass, independent specific
coating impulse comprised ~50 s [35]., -Consequently, such a TZP character-
L {stic is not universal and 18 of limited, purely cognitive interest.

9,5, Figuring Heat Losses and Incomplete Fuel Combustion

Losses from heat transfer into the motor case and from incomplete com-
bustion are figured, in determining RFTT operating characteristics, with
correction factor x to fuel force RTy, determined experimentally by
calorimetric method or on the basis of thermodynamic caleculations,

A general expression for determining coefficient of heat losses in an RDTT
has the form

Sw
Ya(r—1eas

meH,

ye=l—

’

where fiy =- quantity of fuel burning per unit of time; Hy -- total en-
thalpy of a unit of mass of combustion products; T, g -- temperature of
thrust chamber interior surface contiguous to gases; a -— coefficient
of heat trasnfer; Spy -- thrust chamber interior surface area.

Parameters o and T, p change both along the chamber surface contiguous
to the gases and in time, causing change in coefficient X on a time axis.

Th.e magnitude of the coefficient of thermal losses and the relations
de.ermining it are quite different for a motor without insulation with an
insert charge and for a motor with interior-insulated case, Therefore
these two instances are examined separately.

9,5.1., Determination of Heat Losses for RDIT Without Heat Insulation

- This Iinstance is characterized by the tramsient nature of heat losses through-
ot the extent of the entire operating period, as well as the significant
magnitude of these losses, caused by the large surface in contact with the
- 1ses. The bulk of heat losses (from 70 to 90%) usually occurs on the
cylindrical surface of the thrust chamber, Proceeding from the determining
role of convective heat exchange in an RDTT, the heat transfer coefficient

can be represcnted as .
mo®

&= Ka_‘p.g ’
T
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where ﬁ-ﬁ/Fk =~ mass flow of gas per unit of charge flow passage cross
sectional area; dp == effective thermal section diameter; K, -- a
coefficient taking into account the thermophysical properties of the gas.

Change in charge flow passage cross sectional area in time can be expressed
with the relation
Fy = Fyo (1 4 by),

where Fi0 -~ initial flow passage cross sectional area; ’b -= relative
percentage share of burned fuel;

We shall assume change in mass flow of gas along the length of the charge
to be linear

We shall also assume d. ~ FO

An expanded expression for determining thermal losses in the cylindrical
section of the chamber assumes the form
L .
J [T = Ten (3, 0] #+0dx
r= {— KT”DK : ’
A Fogme L SHy YO

©.7

where quantity T, g (x, t) is determined for each chamber zone with co-
ordinate x by solving the problem of wall transient heat conductivity with
a variable value a, In view of the unwieldiness of solution, the practical
value of equation (9.7) for obtaining quantitative results is very limited.
However, it enables one analytically to establish the character of change
in time of thermal losses in the engine.

If we assume T, g (x, t) for the present point in time to be the average
value Tq,p along the length of the chamber, and if we apply a power of 1
with the binomial in the denominator, we obtain the relation

TK - -i‘('. B

x=1—4A4 T

(9.8)

Ya., M. Shapiro [26], performing calorimetric measurements of heat losses
on a model motor with interruption of combustion, obtained the experimental
relation

— B
=l ®9)

He obtained the following for the conditions of the performed experiments:

B=0.30; bj=5. Consequently the experiment confirms analytical relation

(9.8). 1In formula (9.9) change Tx-T.,p in time is taken into considera-

tion indirectly -- by selection of coefficient b; which is not equal to
179

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

a
s



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP382-00850R000100080028-2

FOR OFFICIAL USE ONLY

s

the value bwe/(l-¢) in formula (9.8), but is somewhat higher, as could

be expected, Thus according to (9,9) when B=0,30; b=5, the value of x

in the process of engine operation varles from 0,7 to 0,95, and correspond-
ingly heat losses, initially comprising 30%, decline to 5% by the end of
RDTT operation,

Since initiation of steady-state conditions for such motors takes place
when Yg0.1, the magnitude of thermal losses and their variance in the ini-
tial period of operation may exert a substantial influence on the stability
of working characteristics and particularly on quantity pg max.

Following are the principal causes of variance of thermal losses in the
initial period:

random changes in the character of pressure increase in the chamber
when entering conditions leading to a sharp dispersion_of the time-average
coefficient of thermal transfer by change in quantity i;

change in the state of the chamber surface due to deposition of con-
densate (soot, metal ouides), gummy deposit residues, etc,

9,5.2. Determination of Thermal Losses for an RDTT With Removable Heat
Protection Coating

Heat losses for a motor with a bonded charge burning on the cavity surface
and on the end, with a heat protection coating on the nozzle-adjacent por-
tion of the case and on the upper end plate, decrease sharply in comparison
with uninsulated RDTT and comprise fractions of a percent in steady-state
mode. We should also note that removal of coating material is accompanied
by regeneration of the heat transferred into the coating, minus that per-
centage absorbed during endothermic pyrolysis reactions. These phenomena
are taken into account in determining disturbances connected with removal
of TZP in conformity with the method described in 9.4,

Proc8sses taking place in the coating at the initiation of engine operation
require special examination. During heating in a reinforced plastic,

a clearly-marked pyrolysis front is formed, which leawes behind a carbonized
layer. Initially there occurs displacement of the pyrolysis front deep into
the material. Subsequently, when carbonized material comes into contact
with high-temperature gases on the surface, material begins to be carried
avay from the surface. The rates of displacement of the pyrolysis front

ue and the surface of coating removal u., p equalize with time. After this
t’ e thickness of the carbonized layer contained between these surfaces
remains constant in time. Consequently the quantity of heat accumulated

in the coating also remains constant. However, as long as ug remains
greater than ug g, the thickness of the carbonized layer increases.

The quantity of heat accumulated in a carbonized layer per unit of area will
total
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. Lw ' o
Qu = J PosCos (T = T dx,

vhere p ¢ and cog =~ density and heat capacity of the carbonized material;
T == locaf material temperature; Log =~ thickness of carbonized layer.

Irreversible thermal losses connected with accumulation of heat in the
carbonized layer in the initial period, per unit of time per unit of coating
area, will be as follows:

j%_x_ = 'é‘Poocad (Te.n+ Tl)%‘ ’

where T, p == temperature of removal surface; Tg -- temperature on pyrolysis
front,

With the passage of time dlo g /dt approaches zero, causing quantity
dQay/dt also to approach zero.

One should bear in mind that with some charge shapes, such as a slotted
charge, new sections of coating involved in heat and mass exchange with
the hot flow of gases are continuously being exposed during burning in
the area of the slots, as a consequence of which thermal losses connected
with accumuldation of heat in the carbonized coating layer accompany the
entire period of charge combustion.

In view of the triviality of heat losses in RDTT with removed heat protec-
tion coating, it is expedient to effect consideration of this factor in
the form of ¢ (RTy).

9.5.3. Consideration of Incompleteness of Solid Propellant Combustion

Following are the most typical causes of incomplete propellant combustion
in an RDTT:

incompleteness of the zhemical reactions taking place in the gaseous
phase;

incomplete combustion of metal particles in the thrust chamber;
ejection of charge particles through the nozzles.
Incomplete combustion in the gaseous phase usually occurs with low engine
pressures. The following flame zone reactions, characteristic of combustion

of ballistite propellants, are highly sensitive to decreased pressure in the

engine:
2CO + 2NO = 2C0, + Ny;
2H; 4 2NO = 2H,0 4-N,.
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The rate of these reactions 1s governed by a dependence which is common to

bimolecular reactions:
L e — K CCo

where C; and C3 -~ concentrations of reacting substances; Cy -- con-
centration of substance forming during reaction.

Proceeding to relative concentrations E-C/p , Wwe obtain
4y o KT 9.10)

Since these reactions produce a substantial quantity of the heat released
during combustion (up to 50% in the case of ballistite propellants of
average caloricity), their incompleteness can have a substantial effect on
quantity RTy.

R For reactions which take place in the gaseous phase and possess a differing
order of magnitude, on the whole completeness of combustion is determined
by exponential relation

Yer= 1 —eH, 9.11)
where t -- time,

When utilizing relation (9.11), one must substitute in it the total time in
the thrust chamber of each separate forming gas portion

L
I dx
tnp= T ’
*
where x{ —-- distance from the area of specific gas generation to the forward

end; L ~- total chamber length (from end plate to nozzle throat area); v -~
local axial velocity of gas flow in the specified section,

For the motor as a whole we obtain

L
dx

j v |
*

Yo=1—Tr B g:exp(—K

where fp» =-- relative change in quantity RTy due to flame zme reaction; gy -—
ass attraction of i formation in total combustion products discharge;

K -- coefficient of chemical reaction, determined by pressure and tem-

perature,

The same approach can be utilized in determining incompleteness of com-

bustion of metal particles. In this case the chemical constant should
take into account influence of particle diameter, concentration of
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oxidizing components in the gaseous medium, and the metal's ability to be
chemically activated, In conformity with the figures on combustion rate of
aluminum contained in [38], one can represent in an approximate fashion com-
ponent xy, resulting from incomplete aluminum combustion:

L
dx
XM“fMZE:KITv
0.9 ’
3

where K=3:10 -Yks; Cok ~- relative concentration of oxidizing reagents in

d .
propellant combustion products; dp -- average diameter of aluminum particles,

in microns; fy -- relative change in quantity RTj due to combustion of
aluminum,

Ejection of particles of unburned propellant is usually connected with
breakdown of charge elements in the final stage of combustion, It is
manifested mdst strongly during utilization of thin-webbed charges.
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Chapter 10, INFLUENCE OF CHARGE INITIAL TEMPERATURE ON: CHARACTER-
ISTICS OF A SOLID-PROPELLANT ROCKET MOTOR, MOTOR
TUNING AND ADJUSTMENT

Among the factors disrupting RDTT operating conditions, change in initial
charge temperature in the process of rocket operation occupies a special
place. Oreater attention to the temperature factor is dictated by the fact
that in practice it produces the most profound changes in engine operating
conditions, which go far beyond the bounds of individual random deviations
from the specified conditions., At the same time in most cases it is pos-
sible to take into account in advance the consequences of this factor and to
limit its influence by means of special measures: by adjustment or thermo-
static control of the motor prior to launch,

In examining the question of the effect of charge initial temperature on
engine operating characteristics, one should emphasize two instances:

1) initial charge temperature is practically constant throughout the
entire thickness of the burning web; .

2) initial charge temperature varies within significant limits through
the thickness of the web,

Each of these instances is examined in this chapter,

Problems connected with RDIT tuning and adjustment are examined applicable

to the first case. However, the obtained relations can also be applied

to the case of temperature varying through the thickness of the web with
utilization of the concept of effective charge temperature, which is separate-
ly selected for each temperature field realization,

10.1. Relationship Between Characteristics of a Solid-Propellant Rocket Motor
And Charge Initial Temperature

Chapter 7 contained various expressions of the empirical relationship between

TRT burning rate and charge temperature. In order to simplify the mathematical

calculations connected with determining RDTT operating parameters at different
- charge temperatures, it is more convenient to utilize exponential relation
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iy = thr, e =N, (10.1)

Henceforth we shall omit subscript "H" in this chapter with the current
charge temperatuve value, for the purpose of symbol simplification.

Selection of temperature Ty, adopted as standard, is determined by the
specific features of the motor being designed. For a motor designed for
use across a broad range of temperatures, temperature TH min can be

adopted as Ty, corresponding to the lower limit of motor utilization under
the most adverse conditions of propellant combustion, that is, a case
designated as standard for ensuring stability cof charge burning,

In this chapter, for simplification of mathematical calculations, we have
also assumed Ty=Ty 4,0

The difference in selection of standard temperature has no effect on the
magnitude of power D, but leads to a disparity_ of values ujN. If we assume
that standard temperature TIN corresponds to ufy, then, adopting T Ia
standard temperature, one must adopt in formula (10,1) the following as
coefficient of burning rate:

ully = ufhe? (FN-TH),

Initial charge temperature also affects propellant burning temperature. For
ballistite propellants of average caloricity, the heat capacity of which is
approximately equal to that of the combustion products, change in com-
bustion temperature is numerically equal to change in initial charge tem-
perature [26]:

Tuiny =T W)+ Ty~ T,

With a change of Ty from -50 to +50°C, product RTy will change by 3.5-4.5%.
For composite propellants with a higher combustion temperature, relative
change RTy with temperature will be smaller. According to experimental
data obtained for a spacecraft RDTT [35], this change will comprise only 2%.
Consequently the dependence of propellant force RTy on initial charge
temperature is relatively slight. On analogy with relation (10.1) we can
write

RTx(r)=RTx )€™ (T-Tn), (10.2)
The value of coefficient m in the exponent varies in relation to the
propellant's energy characteristics, comprising approximately 0,0003 for
ballistite propellants with low caloricity, and approaching 0,0602 for
composite propellants [35, 26].

We shall initially determine how RDTT operating characteristics vary with
charge initial temperature in the absence of adjustment and control.
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Utillzlng formulas (7.15) and (7,40) and substituting in them the dependences
of combustlion rate (10.1) and propellant force (10,2) on initial charge tem-
perature, we obtain for engine working pressure at temperature 7

1
s | e MD
uypeSKe ViRTaam \ ™ (T = TN 103
Pr= wcAan' ¢ ( ')

The flrst factor expresses the magnitude of combustion chamber pressure py at
standard (nominal) temperature Ty.

Consequently, relative pressure change in a noncontrollable motor with
change in charge temperature will comprise

4D
o T, (10.38)
PN

It follows from formula (10.3) that the relative pressure change with an
increase in charge temperature is independent of charge loading parameters
but is determined by temperature differential and constants D, m, v, We
shall note that with a specified value of constants D and m, chamber pres=-
sure at small values of v is less dependent on charge temperature and, on the
contrary, high values of v increase the temperature dependence, The results
of calculations of pT/pN for two propellants are contained in Table 10.1.

Table 10.1.

XapaKTepHCTHKAE TOMARBA

1 PriPN Pr/Py I+X thn
D v
Heperyaupyemut PATT 2
0,0038 0,69 | 3,19 | 3,31 ‘ 1 ‘ 0,318
0,0014 | 0,4 1,27 1,28 1 0,800
PIITT, peryaupyeMut Ha MOCTONHCTBO RaBAeHHs 3
0,0038 0,69 1 I 1,395 I 1,432 0,710
0,0014 X I 1 1,135 1,155 0,883
PATT, peryaupyeMuifi Ha NOCTOAHCTBO TATH 4
0,0038 0,69 0,638 i 1,83 0,982
0,0014 l 0,4 l 0,756 1 1,363 0,982
Key:
1. Propellant characteristic 3. RDIT controlled for constant pressure
2. Noncmtrollable RDTT 4, RDIT controlled for constant thrust
Note: Ty=-40°C; T=+50°C.
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Relative change in thrust due to temperature will .comprise

Pr _ pr_ acf (ha) = pilpr
Py on ool e — pulon (10.4)

Considering the smallness of the second term of the difference, one can in
- a first approximation assume

m+D
e ST,
PN PN

The linear rate of fuel combustion at temperature T is determined as

v PFE‘(T‘TN)
Ur = Urpr = uye '*=v .

Charge burning time at temperature T: ¢ T=e1/uT.
Relative change in burning time will be

. Dtmy

T; 4, T-T,
-%:T;’. =@ I=v ( N)‘ (10.5)

Let us determine how specific thrust impulse changes with initial charge
temperature. Substituting in formula (7.20) dependences on temperature
for propellant force (10,2) and for working pressure (10.3), we obtain

k41 AT
Iy = V“';%— XV(RTK)N e™(T=Ty) [2Xcz(l'a) -

k—1

(4

—_—e

Fo o _%(T"TN)
Pcfxp  Pay '

(10.6)

where pyy and (RTy)y —- pressure and propellant force at standard temperature
Ty.

10,2, Objectives and Means of Tuning and Adjustment of a Solid-Propellant
Rocket Motor

Prelaunch adjystmertof an RDTT is at the present time the principal procedure
employed in regulsting the thrust parameters of this motor, Tuning and ad-
justment eliminates to a significant degree the influence of the main causes
of instability of an RDTT - the dependence of TRT combustion rate on charge
temperature and difference in burning rates of charges produced from dif-
ferent batches of propellants.,

Depending on the ctated objective, one distinguishes motor adjustment for
constant pressure, constant thrust, and constant flow rate. Adjustment for

constant flow rate is characteristic for RDIT utilized for auxiliary pur-
poses as a gas generator. When utilizing an RDTT as a main propulsion unit,
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adjustment for constant pressure and thrust is most typical, RDTT adjust-
ment for constant pressure throughout the entire specified range of engine
utilization temperatures makes it possible gsubstantially to reduce maximum
pressure (pp) mayxs Which is an input quantity in making engine strength cal-
culations, This reduces engine mass characteristic a and achieves a decrease
In rocket gross launching mass with specified range and payload.

Figure 10.1, Diagram of Device for Smooth Change in Nozzle Throat Area

Adjustment of an RDTT for constant thrust makes it possible at all charge
temperatures for ballistic-type rockets to ensure constant parameters of
the powered segment of flight and thus to facilitate securement of a high
degree of accuracy of target impact. For rockets with a flight mode close
to cruse, thrust adjustment makes it possible to maintain the required
flight conditions and to avoid speed going below or above the values
specified by the flight program.

In the case of small motors, adjustment can be performed in conformity
with ambient temperature, For large motors, however, due to the thermal
inertia of the charge, its temperature can differ substantially from am-
bient temperature, and motor tuning and adjustment should be performed in
conformity with the readings of the tewperature sensors contained in the
motor.

The simplest means of RDTT adjustment is change in nozzle throat area in
conformity with initial charge temperature and propellant charge performance
specifications -~ unit burning rate specified for the given propellant
batch., In some instances release valves can be employed.

The simplest device for changing nozzle throat area is a set of replaceable
nozzles. Replaceable nozzle inserts can be used in place of replaceable
nozzles in order to shorten the time required to ready a motor for launch,
Sometimes multiple-nozzle units are employed, with alternate nozzles
covered by diaphragms. When a certain pressure is exceeded the diaphragms
are cut, total throat area increases, and further engine pressure increase
is prevented,

Smooth adjustment of nozzle throat area in conformity with charge temperature

is achieved with utilization of a throttle (Figure 10.1) which can displace
along the axis of the nozzle, A throttle can be moved into place manually

or with the aid of a mechanical drive. There are a number of self-adjusting
nozzle designs, where the throttle is moved into position automatically,

without intervention by servicing personnel, Some of them are described in [26].
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The devices mentioned above make it possible to tune an engine not only
on initial charge temperature but also on other parameters as well, devia-
tions of which from nominal value are known prior to launch.

10.3. Tuning of a Solid-Propellant Rocket Motor Nozzle to Constant Pressure

Retaining in an RDTT constant pressure or pressure varying within small
limits throughout the entire temperature range of engine utilization makes it
possible to reduce standard pressure on the basis of which engine wall thick-
ness is determined, and thus to improve its weight characteristics. The gain
in structural weight achieved thereby will depend on the one hand on the
characteristics of the propellant utilized, that is, on the posgible pressure
drop in the absence of control, and on the other hand on the weight of addi-
tional components and devices by means of which nozzle throat area is varied.

The throat area of one or several nozzles, in a multiple-nozzle variant,
altered during tuning and adjustment, can be represented as the sum of a
certain constant component Fi_ y, equal to throat area at standard charge

p N )
temperature TN, and variable component ?kp. Designating X-ka/ka N» We
obtain

FKDT=FKpN(l+X)‘ (10.7)

We shall first examine adjustment of nozzle throat area solely on initial
propellant charge temperature.

Substituting (10.7) in formula (10,3), we obtain

1
JD+M)U“TN)]‘—V

Pr=pn [—r_ﬁ— (10.8)

In order to ensure constant pressure with varying propellant charge tem-
perature, it is necessary to satisfy condition
(D WT-T,
X =2t =W, (10.9)
With equation (10.9) one can find the nozzle throat area required with the
given temperature Dbm) (T=Ty)
(D+m) (T—

Frpr=Fup ne =), (10.10)
For a propellant with a low temperature dependence, expanding the exponential
factor into a series and discarding terms of a second order of smallness,
we obtain:

14+ X=1+@+m(T—Tv or X=(D+m(T—Tnx

If the nozzle throat area is simultaneously adjusted according to actually
measured combustion rate deviation Mu; from the standard value for a given
batch of propellant charges, one should substitute in formula (10.3) in
place of ujy o

(1 2 25 = sy (1 2= )
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Required nozzle throat area will be determined as
Fupr = Fup (1 4- 8ty e®F™ (T=TH), (10.11)
For small 6&u values for propellants with a low temperature dependence:

X =8it + (D + m)8T.

Tuning and adjustment to any parameter with deviation known prior to launch
is performed in like manner.

Relative change in operating time of a motor adjusted for constant pressure
is equal to :

T Uy _ =D(T=T
w o e (T=7n), (10.12)

It follows from a comparison of formulas (10.5). and (10,12) that in a
motor with constant pressure maximum varliance of time with change in
propellant charge temperature is less than in an uncontrolled motor.

Let us see how engine thrust varies in relation to temperature when main-
taining constant pressure if the discharge area remains constant.

Utilizing relation (7,18}, we obtain

Pr ’ Ocrf (ha) — PuiPx (1013)

- P OeNf (han) — PulPx

In order to utilize this relation, one must establish a link between
quantity X and change in gas-dynamic function £ Qa).

Since r
q (z'aN) = "?TN‘;

Fypr

q (Aar) = _il.%"; \
q (M) =q (an) (1 + X). (10.14)

Since quantity q (W yy) 1is assumed specified, relation (10.14) makes it
possible to determine value q (A ar) from quantity X, after which one can
determine £ (A, o7) .

Table 10.1 contains calculation figures for two propellants, which indicate
t} at maintaining constant engine pressure by adjusting Fy involves sig-
nificant thrust variation. Prelaunch thermostatic engine control is the

- only possible method of motor adjustment whereby conditions of constant
pressure and thrust coincide.

In some cases, for rockets of the simplest design, in place of adjustment

for constant pressure it is sufficient to restrict pressure variation with~-
in certain limits, so that on the one hand it never drops below the level
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Pudn? guafanteeing stable propellant combustion, and on the other hand
does not rise above ppax, tolerated by structural strength, This can be
achieved by graduated adjustment of ka with a set of interchangeable
nozzles, nozzle inserts or nozzle plugs (with a multiple-nozzle version).

vy

. |

> ! . '

| conm | [ ] L L It Iy

» T r T T 7t 7 -2

c) g?
Figure 10,2, Diagram of Selection of Throat Areas of Interchangeable Nozzles
Key:
a.--Whep adjusting RDIT to con- b. When adjusting RDTT to constant
stant pressure (pk=const) thrust (P=const)
1. Nozzle

A diagram of a selection of throat areas of interchangeable nozzle devices
and establishment of an operating range of temperatures for each of them is
contained in Figure 10.2, We shall adopt as a figuring unit a nozzle throat
area providihg maximum pressure ppi, at temperature Ty. In order to ensure
that this pressure remains constant with temperature, with continuous ad-
justment, the nozzle throat area should follow relation (10.9). The
curve of relative increase in throat area Fkp max was plotted in conformity
with this relation. Now we shall plot a curve of variation in Fip min in
order to ensure constant pressure ppax in a motor with continuous corrective
adjustment. The curve is constructed on the same relation (10.9), but the
starting-poiht value (FgpN)min at temperature Ty will be that which is deter-
mined by ratio
' - 1—v
(Fop Wi = (22 ).
We shall run from a point on the upper curve corresponding to p=ppi, with
T=Tj, horizontal segment ka=const=1 to the point of intersection with the
lower curve. The point of intersection will determine the upper temperature
boundary of employment of the first interchangeable device (nozzle) Ty. We
begin the horizontal segment for the second nozzle with a curve corresponding
to Pmins but not from a point with coordinate Ty but rather a point lying
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5-10°C to the left of it, in order to ensure overlap of temperature ranges
of employment of interchangeable nozzles.

From the relative values Ty, determined from the curve, the absolute throat
area values are obtained by multiplying ka by (ka N)» caleulated for
preselected engine characteristics at temperature Ty and with the adopted
value ppins

10.4, Tuning a Solid-Propellant Rocket Motor Nozzle to Constant Thrust

We shall first examine the case where tuning and adjustment is performed by
changing the nozzle throat area with a constant nozzle exit area.

Utilizing relation (7.18), the condition of constant thrust at various
propellant charge temperatures can be written in the form

Octf (Mar)Pr = Ocnf (Aan)Ow,s
whence

GcNf (Aaw) (l0.15)

pr_
PN ocrf (Aar) *

Substituting py/py from (10.8), we obtain

Dm 1
T (=T, T=v- _9:nf A
e T e T 0g)

The obtained equation can be solved by two methods,

The first method consists in utilizing the relation for T obtained by means
of logarithmic operation (10.15):

_ : L=v 1 [ oexf (hat)
T TN+_D+M 1n(l+X)+'D+m ln[ 0crf (rat) ]

Specifying values X for a propellant with known characteristics D, m and ¥ ,
one can construct relation T=f (X).

A second method of solution is based on the fact that there exists a rela-
tionship between the values of gas-dynamic functions f (A) and q (A) in
tie region A =1.8-2.5, expressed by an approximating relation of the type

fA) = kelg M.

With proper selection of kg and n, approximation error does not exceed 1%,
In the range A ,=1.8-2,5 when k=1,15-1.25, exponent n is close to 0.9.
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From the approximating relation we obtain

o =[S - 0om

Substituting the obtained result in (10,16), we obtain

(D4m) (T=T) lay
|4 X m TR0 (%:5) == (10.18)

[f in the first assumption we assume Ocr = Oy * then
(D+m) (T=Ty)
1 Xme I=afl-w— (10.18a)

Relative engine pressure change when tuning a nozzle to constant thrust is
B determined by the relation obtained from formulas (10.16), (10.17) and

(10.18a):
'8 (D+m) (T=T)
pr._ - I=a{l=v)
=t . (10.19)

Listed below are the results of calculations f:. a motor tuned for constant
thrust in the range T=-40,,. +60°C. The following were assumed in the cal-

culation:
v=04; D =0,0014; m = 0,0002; Ty =
= —40°C; F/Fyy= 6,25 0. = Oy, )

Table 10,2,

T.*C —40 -12,4 +12,9 +33,3 +58
b's 0 0,1 02 0,3 0,4
PriPy 1 0,92 0,85 0,79 0,74

It is evident from tables 10,1 and 10.2 that working pressure in a motor
tuned for constant thrust increases with a decrease in initial propellant
charge temperature in the degree to which this is necessary in order to
compensate for a decrease in rate of propellant combustion with temperature,
It follows from a comparison of lines 1 and 3 in Table 10.1 that relative
pressure change in a motor with constant thrust, when % =0.4 is approx-
imately the same as in an uncontrolled motor, but the maximum pressure
values in these motors are located at the opposite ends of the operating
temperature range.

For propellants with a high temperature relation (high values of D), when
tuning a nozzle for constant thrust the throat area must be varied within
broad 1imits, With an increase in D, there is also an increase in pressure
differential py/pr in the preselected temperature range. A high value of
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exponent ¥ in the given case is a favorable factor which ensures the re-
quislte effect of adjustment with small changes in nozzle flow passage cross
sectional area and working pressure in the motor (see figures in Table 10.1
for 'y =0.4 and 0.69).

When interchangeable nozzle inserts or nozzles are employed in place of
continuous variation of nozzle throat area for the purpose of tuning, the
method of selecting inserts and the range of their utilization proves
analogous to that which was examined in chapter section 10,3,

In the case of employment of interchangeable inserts, specifying allowable
thrust variation limits Pp,y~Pmin, one plots for these limits curves of
continuous change in nozzle throat area within the preselected temperature
range according to relation (10,18), and then one establishes, in conformity
with the diagram in 10.2), the temperature interval of utilization of the
individual inserts.

With utilization of interchangeable nozzles, if the ratio Fg /Fgp remains
constant for them, f ( A4 )=const and equations (10,18) and (10.19) assume
the form

(D+m) (T=Ty)
I Xae v

D
T

——rme

Py

Relative change in propellant charge burning time

T u
I B mm(reTy),
"N llr

10.5. Tuning a Solid-Propellant Rocket Motor to Constant Flow Rate

At the present time an RDTIT in rocket equipment is extensively employed as

a generator for gas utilized in the most diversified systems, such as
auxiliary propulsion units, servodrives, hot-gas gyrosystems, as well as
supercharging, additional gas feed, stage separation, and buoyant rescue
equipment inflation systems. Solid-propellant gas generators are frequently
employed to drive turbines powering on-board electric generators (9]. Many
o these gas-using devices impose rigid requirements on constancy of flow
rate. We shall examine possible ways of solving this problem.

Substituting in the flow rate formula (7.13) dependences of pressure in an
uncontrolled motor and propellant force on propellant charge temperature,
we obtain a formula which indicates how propellant consumption varies with
initial charge temperature in the absence of tuning:
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. D4-vm
my aeﬁ—(f-fml

If a constancy of gas flow to the gas-driven device is achieved by dumping
gas from a receiver in the line in which pressure is maintained constant,
relative gas losses in relation to initial temperature are as follows:
. - . D+vm _
Koy = L0 STy,

Consequently, with this method of regulating gas flow, the store of fuel

in the generator must be increased by Ky, times over the minimum requisite
quantity calculated for temperature Ty.

Dumping of gas directly from the gas generator through a constant-pressure
valve ensures propellant charge combustion at the same pressure at all
temperatures. With an unknown throat area of the nozzle through which gas
enters the line to the driven device, gas flow fluctuates within the limits
of variation with temperature of quantity 1/iT:, that is,

- (—,.;'—T) =e ™ (T—TN)_
My | pac

In view of the small value of constant m for rocket propellants, gas flow
can be considered practically constant. However, actual propellant con-
sumption, taking into account dumping into the atmosphere, will vary as

rin -
Km, = =L =2 (T=TW),
My

Relative dumped gas flow will be

Mewp _ D(T=Th) _ |,

my
increasing with an increase in initial propellant charge temperature, Burn-
ing time will decrease simultaneously with an increase in propellant charge
temperature,

Consequently selection of thickness of burning web with this mode of tuning
should be performed for the preselected gas generator operation time for
the highest propellant charge temperature, while the required burning
surface should be selected according to the preselected consumption for the
lowest charge temperature.

Thus the charge burns incompletely at minimum temperature during operation

of the gas-driven device; at maximum temperature the charge burns completely,
_ but a substantial portion of the generator gases will be discharged into

the atmosphere. The actual propellant supply should be specified at Kmy times

the quantity required by the gas-driven device.
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Unproductive propellant consumption can be avoided when tuning the gas
generator nozzle to constant set PPy

VRTx  Performing the substitutions
which we have employed in the preceding chapter subdivisions, we shall ob-
tain a relation of the requisite change with temperature of the gas
generator relative throat area

1+X=£#NFML

Gas flow rate and charge combustion time remain strictly constant with any
initial charge temperature,.

10.6. Causes of Nonuniformity of Charge Temperature Field and Its
Equalizing Time

During rocket operation it is possible that initial charge temperature Ty

will differ significantly from ambient temperature Ty. Such a difference

{n temperatures may occur, for example, as a result of alrlifting rockets

large distances from one climate zone to another. With a large-size propellant
charge and initial temperature drop of several dozen degrees, from several
hours to several days are required to reach equal charge and air temperatures,
Therefore in practice there is the possibility that an RDIT will be fired

prior to establishment of a temperature equilibrium between propellant

charge and environment, with a substantial nonuniformity of propellant

charge temperature field.

when a rocket is continuously sited at a launch position or on a launcher
en route, not in a container, under atmospheric conditions, nonuniformity
of propellant charge temperature can be caused by the daily fluctuations in
ambient temperature. The magnitude of these fluctuations depends on the
time of year and climatic conditions. For large propellant charges thermal
relaxation time may prove to be greater than the period of air temperature
fluctuations, which lead to the occurrence of a temperature gradient through
the thickness of the charge.

Nouuniformity of propellant charge temperature field, a direct consequence of
which 1s change in unit burning rate through the thickness of the charge,
leads to deformation of the burning surface in the process of motor operation.
In other words the position and shape of the combustion surface as well as
its total area with a nonuniform charge temperature field, considered for
any given point in time, may differ substantially from that which is deter-
mined by geometric calculations performed on the basis of the hypothesis

¢ propellant burning in parallel layers. First of all this affects both
the magnitude of mean values of RDTT thrust parameters and their extremal
values, which determine maximum rocket G-loading and motor case strength.

It is difficult to foresee in advance what temperature conditions are the
most difficult.
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With a uniform temperature field of a propellant charge in an uncontrolled
RDTT, maximum pressure is achieved at maximum charge temperature, With a
nonuniform temperature field an additional factor appears == increase in
burning surface as a consequence of its deformation during combustion; a
factor determined by temperature differential through the thickness of the
propellant charge but not by the mean temperature value. It is not known
in advance which of these factors -- change in combustion rate averaged on
the propellant charge volume or change in burning surface area -- exerts

a stronger influence and whether pressure determined by maximum surface is
greater than pressure determined by maximum temperature,

Pogsible change in RDIT ballistic and thrust parameters with temperature
differentials in the propellant charge should also be taken into considera-
tion during RDTT tuning (prelaunch adjustment) [26].

In view of this fact it seems advisable first of all to examine estimate
relations which determine propellant charge temperature field equalization
time and which 1limit the region where the nonuniformity of this field must
be taken into account,

Then the most typical instances of deformation of burning surface and the
influence of this factor on RDIT static characteristics will be examined.

As studies indicate, duration of change in rocket propellant charge tem-
perature field with constant ambient temperature Tp and heat transfer co~
efficient a is determined primarily by the regular mode stage. At this
stage change in temperature for all points in a propellant charge on a time
axis follows a simple exponential relation, that is, temperature simplex
natural logarithm

0= T—Ta

T“—TA

for any point in a propellant charge with temperature T will change according
to the linear law., Quantity

g = == (In6),

called cooling (heating) rate, will be the same for all points in a charge,
as well as for its mean mass temperature T.

Then the time to reach charge average temperature i} will be specified as

1, = ——In1A=Tn (10.20)

Relation (10.20) enables one to determine the time required to reach average
charge temperature T,, clnse to Tp and assumed equilibrium, It also enables
one to solve the inverse problem: from the specified charge time under given
temperature conditions, to determine the average charge temperature reached
by this time, and from its comparison with Tp» to estimate the degree of non-
uniformity of the charge's temperature field.
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Heating (cooling) rate My is determined with the formula

a F
m:==73;17¢. (1&2"
where ¢ =-- coefficient of heat transfer from the environment to the motor
surface; ¢ =-- propellant specific heat; Ta—=Tn
: Y= -;;::7 -- criterion of

nonuniformity of propellant charge temperature field; F -- exterior lateral
motor surface; W -- volume of propellant charge.

For charges of tubular shape, which includes slotted charges,
LARSLL AL MRy | (10.22)

where Ry =~ outer charge radius; Rpy -— cavity radius;
M'RBH/ Ry.

Criterion 'p is determined by the Biot criterion Bi= QRHIAT and the
geometric shape of the propellant charge, but is not dependent on its absolute
dimensions, which makes it possible to obtain from an experiment on a model
or from temperature field calculations value )b for all geometrically similar
propellant charges.

On the basis of temperature field calculations for charges of tubular shape,
we determined the values of criterion ]0 for variants with different co-
efficients M (Figure 10.3).

v
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Figure 10.3. Dependence of Criterion of Nonuniformity of Temperature Field

y for a Propellant Charge With a Cylindrical Cavity on Biot's
Criterion
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Calculating Biot's criterion with prespecified conditions of heat exchange
between motor and environment, we can obtain from the graph corresponding
value 1# » and then from formula (10,21) obtain, taking into account rela-
tion (10,22), M , requisite for estimating temperature equalization time,

A major advantage of the above-examined relations is the fact that they
enable one to obtain an estimate of temperature field nonuniformity, avoid-
ing excessively unwieldy calculations connected with determining the tem-
perature fileld proper in the dynamics of its change.

10.7. Influence of Nonuniformity of Charge Temperature Field on Solid-
Propellant Rocket Motor Operating Conditions

Since with a nonuniform temperat.ure field the burning rate varies from one
section of the propellant charge surface to another, in order to calculate
pressure in formula (7.15), in place of product u;S, one must substitute
the following integral gas formation characteristic:

F= ):,ASul {r, x, o),

where uj (r, x, @) -- a relation characterizing change in unit combustion
rate by cylindrical coordinates r, x, « In those cases where temperature
drop on the propellant charge radius is determining, it would seem possible
to limit oneself to taking into account change in velocity in this direction.
Then, taking into account relation (10.1), one can write

I

S
P = 2 ASu,NeD AT (N ’

where & T (r) -- a function expressing change in temperature difference T-Ty
on the charge radius., i

For a relative pressure change in the process of propellant charge combustion
we obtain
1

SR [N i

P \To (Y aseP 87Ny

where {1, and I’i -- values of gas formation characteristic for the initial
and i points in time,

Thus calculation of RDIT characteristics with a nonuniform propellant charge
temperature field is complicated by the fact that for each point in time the
combustion surface must be broken down into sections, within which the com-
bustion rate can be assumed constant, corresponding, according to (10.1), to
the average propellant temperature in that section. Displacement of the
combustion front in each of these sections in the course of a short time
interval is assumed to occur at a constant pressure. Distortion of the com-
bustion front is taken into account according to relation (7.10). A new en-
gine pressure value is determined for the end of the time interval, in con-
formity with the reached magnitude of combustion surface and with new

199
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

distribution of burning rates on the surface. Time interval (charge thick=-
ness interval) is selected so that change in propellant charge temperature
within the interval of combustion surface displacement does not exceed 3-5°C,

Examining the influence of propellant charge temperature field nonuniformity
on RDTT operating conditions, one can specify three typical cases:

1) end-burning charges, with axial direction of burning normal to
the plane of the maximum temperature gradient;

2) radial burning charges on which the combustioﬁ front at any point
in time coincides with the isotherm (telescopic charge, cylindrical gingle-
cavity grain);

3) radial-burning charges with a combustion front which does not coin-
cide with the isotherms in the charge (star, slotted charge).

10.7.1. End-Burning Charge

We shall first examine a charge of the simplest shape -- a cylinder coated on
the lateral surface and burning on the end facing the nozzle. We shall
assume that the temperature field is symmetrical and that temperature

changes only on the charge radius. To avoid ambiguity, we shall consider an
exterior-cooled charge. For simplicity of calculations we shall assume

that temperature Ty has been reached on the exterlor surface of the charge,
and temperature Tp is maintained on the charge axis. Analysis of temperature
fields on the basis of [26] indicates that in the majority of cases, cor-
responding to maximum temperature differential on the propellant charge
radius, the temperature profile is close to parabolic, that is, one can

assume: -
AT(r)=T—T~=(T1—T~)(l —ﬂ), (10.23)

where r —- radius of a random point; T -- temperature at this point (Figure

10.4),

Distribution of rates of propellant combustion on the radius will be expressed
by the relation

4= uweM (l-.rl)pv'
where
M=D(T,—Ty) r=r/R,

A higher burning rate on the axis of the charge will in time lead to deforma-
tion of the combustion front, which is initially flat, into a crater,
1f a crater is present the local axial burning rate at that point in the

profile at a distance r from the axis of the charge will be expressed, taking
into account relation (7.10), as e

- 4, = u,yeM (1_7')pv Vl + (%;—)2 ;}—07 (10.24)
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Figure 10.4. Stable Crater Profiles in an End-Burning Charge with Nonuniform
Temperature Field

Gas generation from the burning surface per unit of time will be expressed
as

- F
iy = J pytiz dF, (10.25)
where dF=2 ffr dr -- projection of burning surface element onto a plane

perpendicular to the axis of the charge.

Substituting (10.24), (10,25) and (7.15) into material balance equation
(7.11), we obtain an expression determining the current engine pressure value:

1
1

' : -V
. 2Rpr VART tw ( asnz 1/ T 2 (25 -]
p,(=[__mw_____ ¢ "Vl-*'(d')dr )

(10.26)

With a charge of considerable length, there occurs stabilization of the
crater profile in the process of combustion. The condition of stability of
crater profile is expressed by constancy of the axial component of burning
rate on the charge radius uy, (r)=const.

emMr — #——_;T})’, (10.27)
where x=x/Ry.
201
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

Solving equation (10,27), we obtain a relation which determines combustion
profile .

Y= — j (M7 — 1)'s dr. (10.28)

Since for a stabilized combustion profile uy=const for the entire surface,
we obtain |

my = pruzSy,

where up; == burning rate on the axis of the propellant charge.

10.7.2, Radial-Burning Charge With Isothermal Orientation of Burning
Surface

As an illustration we shall examine a propcllant charge consisting of one
end-coated cylindrical grain with initial cavity radius rp and initial
exterior radius Ry. We shall assume temperature distribution on the radius
corresponding to relation (10,.23). Then the gas formation function for any
point in time will assume the form

T == 2nLuyy [reM 4=7") 4 Re (-RY),

where r —=- current cavity radius value; L -- grain length; R -- current
value of exterior grain radius;

f=r/lR; R=RIR, -
Relative pressure change in the process of charge combustion will be

1
- . B _ ;‘em(x_?}) +-§Iem(|—7ef) =y
Pxo 1+ 70eM (1=rf) ’

(10.29)

where -

r=tia+Ar Ri=R.— AR.

Tn view of a difference in rates of displacement of the outer and inner
surfaces, intervals Ar and AR are not equal to one another., Change in in-
terior radius Ar for a certain time interval At will be

Ar = AR, = uyyeM (1=pv A,

During this same time the exterior radius will decrease by amount

AR = AR-R, = uyyeM (1=R*)pv A¢,

e > -
consequently, A_'i =eMm"’).

Y (10.30)

Specifying a given displacement interval for one of the surfaces, such as A;.
the displacement interval of the second surface should be determined from
. formula (10,30),

202
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

'

The time interval corresponding to an independent surface displacement in-
terval will be
Al‘{Ru

At —S0Re
e (=Y,

A charge of this shape, representing with a homogeneous temperature field a
classic example of a neutral combustion charge, will display a degressive
character of combustion if temperature increases toward the outer surface,
and progressive if it decreases in that direction.

10.7.3. Radial-Burning Charges With a Combustion Front Intersecting the
Isothermg

The simplest variant for this case is a slotted charge in which in the
area of the slot the combustion front is initially orthogonal to the
isotherms, while in the cylindrical sectin it always has an isothermal
orientation, Distribution of temperatures on the radius in both sections
can be assumed identical, since the slots, in view of their radial orienta-
tion and narrow width, do» not cause a substantial temperature field dis-
tortion.

The gas formation function for a given point in time will consist of four
components:
P=Ty+Ty+Ty +1,
characterizing gas formation;
r‘q -- on the surface of the cylindrical cavity; f'h -- on the surface

of the slots; ? -- on the surface of the burning end (or ends); /7, --
on the surface of the slot web,

2 Haomepme
S

Figure 10.5. Temperature Field of Charge With Star-Shaped Cavity With
Maximum Temperature Differential Through the Thickness of the Web

203 .
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

Key to Figure 10,5 on preceding page:

1. Decrease in percentage of un- 2, Isotherm
burned propellant particles 3., Temperature
with a negative temperature
Jump

Figure 10,6, Change in Combustion Front With Nonuniform Temperature Field
of Charge With Star-Shaped Cavity

If we include the slot web area in the end area and figure the web perimeter
with correction factor A 0.6, with the above temperature distribution on the
radius of the charge, the function of gas formation in a first approximation
will be expressed as

r -
i =2 MO [t Aoy 2n () (3-9)La)+
R R
+2aL, [ ¢4 0 cos(dl.r) dr 4 9n [ remt-gr,

where L -~ total length of charge; L iy, - length of slot section;
r=rgte;

e —— thickness of burned layer of propellant determined for the cylindrical
section; dl.r —- local angle between combustion front and direction of
radius run through slot sector angle point.

Calculatiorn for a charge with star-shaped cavity and its modifications

proves to be more complex, Figure 10.5 gives an idea of the character of
the temperature field of such a charge. In this case one must consider
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temperature change both on radius r and by coordinate angle ¢ . Non-
- uniformity of the temperature field of a charge with a star-shaped
cavity leads to change in its progressiveness characteristics and per-
centage of degressive residue, as is shown by the diagram in Figure 10,6,
- The dashed-line curve corresponds to the position of the combustion
front at a temperature which is constant through the entire charge sec-
tion,

With a temperature diminishing from the periphery to the center of the
charge, as a consequence of lag in burning rate on the axis of a star
point, the combustion front will assume position A on reaching point 1,
The burning surface in this instance will be greater than with uniform
temperature distribution, and the percentage of degressive residue will
increase.

On the other hand, at a temperature which increases toward the center of
the charge, burning on the axis of a star point will run ahead of burning

- in the middle of a projection, as a consequence of which when the com-
bustion front passes through point 1 it will occupy position B, which cor-
responds to a smaller surface quantity., We include below calculated
figures for a star-cavity charge with a diameter of 152 mm [25] with maximum
possible temperature drop.

=-20°C Ta=+2°C
Change in percentage of degressive charge residue, % 7},~+§?:c Tu-— —29°C

Change in burning time, % +7.96 —6,36
441,58 -492
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Section III, STATIC CHARACTERISTICS OF HYBRID ROCKET MOTORS

Chapter 11, DESIGNS AND FEATURES OF OPERATION OF HYBRID ROCKET MOTORS

11.1. Designs of Hybrid Rocket Motors

A hybrid rocket motor burning a two-component propellant contains the follow-
ing:

combustion chamber containing solid component charge;
tank with liquid component;

equipment of system for feeding liquid propellant component into the
combustion chamber;

automatic control elements, with the aid of which motor operation is
controlled (launch, shutdown, transition from one mode to another, control,
ete).

- Classification of GRD [hybrid rocket motors], just as of other types of
rocket motors, can be performed according to various attributes -- they can
be differentiated, for example, by function, magnitude of thrust, potential
number of firings and shutdowns, etc. These classification attributes are
insignificant, however, for analysis of static characteristics. More im-
portant in this regard are differences among GRD in features of the devices
of the system for feeding liquid component to the combustion chamber,

Practically all types of corresponding systems of 1liquid-propellant rocket
motors can be used to feed 1iquid propellant component into the combustion
chamber of a GRD. In conformity with this, one can designate the following
GRD by type of liquid component supply system:

with a gas pressurization supply system;

with a pump supply system.
GRD with a gas pressurization liquid component supply system in turn can be
classified by type of device boosting pressure in the tank during motor
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operation (pressure accumulator), On analogy with 2ZhRD, one can consider
possible utilization of the following in hybrid motors:

air (gas) pressure accumulator (VAD);
cartridge pressure accumulator (PAD);
hybrid pressure accumulator (GAD),

Bottled compressed gas is used to force propellant from the tank with an
air pressure accumulator. If a motor employs a cartridge or hybrid pres=
sure accumulator, fuel combustion products are fed into the tank (solid
propellant in the first instance and liquid-solid in the second).

Figure 11,1 containe a diagram of a GRD with a gas pressurization system
of feeding liquid component and an air pressure accumulator.

When the motor is ignited, valve 2 opens, and compressed gas is fed through

a pregsure reducer to diaphragm 4, After penetrating the diaphragm, gas

fills the free space in the tank, Diaphragm 6 bursts under the increased
pregsure of the liquid component; the component passes through open valve 7

to the combustion chamber and them into the charge cavity, The components
ignite (either self-ignition or, if the pair of components do not spontaneous-
ly combust -- they are ignited by an outside source), and the motor enters

the required operating mode. The motor is shut down by closing valve 7, as

a result of which 1iquid component is no longer fed to the combustion
chamber,

% Bt

N

Figure 11.1, Diagram of GRD With Gas Pressurization Liquid Propellant Com-
ponent Supply System

Key: .

1. Compressed gas tank 5. Tank with 1iquid propellant com-
2, 7. Valve ponent

3. Pressure reducer 8. Combustion chamber

4, 6. Diaphragms
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Figure 11,2, Diagram of Hybrid Pressure Accumulator

Key?
1. Bottled gas 4, 6, 9, Diaphragms
2, Valve 5. Pressure accumulator tank
3, Pressure reducer 7. Valve

8. Pressure accumulator chamber
10. Liquid propellant tank

A GRD cartridge pressure accumulator may not differ in design and operating
features from analogous devices used by liquid-propellant rocket motors and
therefore will not be discussed,

Figure 11,2 contains a diagram of a typical hybrid pressure accumulator.

As is evident from a comparison of figures 11,1 and 11.2, in this instance
the pressure accumulator essentially comprises a small hybrid motor from
the combustion chamber of which combustion products enter the main engine's
1i-uid-propellant component tank. This type of pressure accumulator is more
complex in arrangement than a VAD, but its utilization makes it possible in
principle to improve engine mass characteristics by reducing the mass of

the compressed-gas tank,

A GRD with a pumped liquid component supply system can incorporate the fol=-
lowing arrangements:

closed;

open,
In the first instance gas, after passing through the turbine, is fed into
the combustion chamber and is subsequently ejected from the main exhaust
nozzle together with the combustion products. In the second arrangement
gas, after passing through the turbine, is ejected into the atmosphere
through special exhaust nozzles.
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A GRD, just as liquid-propellant motors, can employ various types of turbine
pas generators, On the basis of this attribute, GRD with a pumped liquid
propellant component supply system are subdivided into motors:

with a single-component gas genarator (hydrogen peroxide, hydrazine,
etc);

with gas tapped from the main combustion chamber;

with turbine-driving gae formed in a special chamber in which a two-
component propellant burns (for example, the same components as in the main
combustion chamber),

One should expect GRD turbopump units to be simpler than those of a ZhRD,
since they must supply only one liquid component.

Just as in liquid-propellant rocket motors, a somewhat elevated tank pressure
must be provided for GRD with a pumped supply system, in order to ensure
stability and to maintain cavitation-free pump operation. Practically all
those types of devi(2s which are employed for the same purpose in liquid-
propellant rocket motors can be used to boost tank pressure,

Figure 11,3, Closed GRD Arrangement

Key:
1. Tank 6. Combustion chamber reactor
2, Pump 7. Combustion chamber
_ 3. Gas generator reactor A. Peroxide feed to chamber
4, Turbine B, Peroxide feed to gas generator
5. Gas generator pump B, Steam-gas feed to tank

F. Steam-gas feed to chamber
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Figure 11.4, Open GRD Arrangement

Key:
1, Tank 5. Tank pressurization gas
2, Pump generator
3. Turbine A, Movement of 1iquid component
4, Turbine gas generator B. Gas movement

————————————————

Figures 11.3 and 11,4 present two layouts as examples of possible GRD
arrangements with a pumped liquid component supply system, differing in
the principle of utilization of spent turbine gas and type of gas

¢ generator employed, Figure 11,3 contains a diagram of a GRD with a closed
1iquid component feed system and a gas generator employing a single sub-
stance, which is also a propellant component. This arrangement can be
utilized, for example, when hydrogen peroxide is the 1iquid component.

The diagram does not indicate the automatic control devices which control
motor operation, and in particular motor ignition, in the process of which
additional measures must be taken to accelerate turbine buildup to che
required operating conditions, to provide preliminary tank pressurization,
etc.

F:gure 11.4 contains an open GRD arrangement with a gas generator employing
hybrid (solid-l1iquid) propellant consisting of the same components as the
motor propellant. As in the precediny instance, the diagram does not

show automatic control devices.

Specific thrust impulse of a GRD with a pump liquid component supply system,

just as for ZhRD of similar arrangements, depands on the type of supply
system. In an open-arrangement motor thrust P=Py+Po,cy
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where Py == thrust generated by the combustien chambery Py, o == thrust
generated by the turbine exhaust nozzle,

1f we designate flow through tha combustion chamber nozzle and turbine
exhaust nozzles with iy and ty, o respectively, specific engine impulse

], b m B P o Tt Iy ote,
my My my

Here 1y ) and 1 'ﬁ'c -~ gpecific thrust impulses of combustion chamber and
£

turbine nozzles} fg=hig, oo
Designating coefficient of specific thrust impulse losses in a supply sys=
tem with . hoe
0= =)
we can obtain ly=1,.(l - &)

As wag ghown earlier, quanty ¢ 1 is connected with the magnitude of combustion
chamber pressure py; the higher this pressure, the greater is £ 1, that is,
the greater the loss to the turbine nozzles. Taking into consideration the
fact that specific chamber impulse increases with an increase in pressure
Pgs one can establish that function I, (py) has for ZhRD a maximum in the
region of pressures py ) 100+105 Pa, ¥or GRD increase in mass with an in-
crease in chamber pressure should be considerably more appreciable than
for 1iquid-propellant motors, since the chamber is substantially larger (it
contains a solid propellant component charge), Therefore a move to closed
designs, that {8, into the area of high chamber pressures, for GRD should
produce less gain in total characteristics (energy, mass), in connection
with which employment of closed designs is less efficient here,

P MY A
b 4
1
T

Figure 11.5, Regions of Efficient Employment of Various Types of Supply
Systems

Key:

I. Region of gas pressurization II, Region of pump systems

systems

One can evaluate in approximately the same manner the correlation between
regions of efficient employment of gas pressurization and pump liquid
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propellant component supply systems, For liquid=propellant rocket motors
tt In expedient to employ gas pressurization systems with low thrust im=
pulse values IsPe, (4, -~ motor burning time), since with an increase in
fmpulse 1 there ié‘an ncrease in tank volume and the influence of their
mags oh overall mass characteristiecs, This also applies to GRD, but since
in a GRD the tank contains only a portion of the propellant, the percentage
ghare of the supply system mass in total engine mass will be less than

for a ZhRD, and the re{ion of efficient utilization of gas pressurization
systems should be broader for a GRD than for liquid-propellant motors
(Figure 11.5).

Certain differences in GRD layouts may also be caused by the specific
design features of their combustion chambers. The chambers in the above
GRD diagrams are of the simplest type == uncooled, and with liquid propellant
component fed only through the head of the chamber, Obviously the fact of
a 1iquid propellant component makes it possible to cool the chamber in the
same manner as is performed in ZhRD chambers. Since that portion of the
chamber in which the solid propellant component charge is placed can be
shielded from heating by the propellant layer and the dimensions of

a CRD chamber are considerably greater than those of a ZhRD chamber (with
equal thrust), one can assume that cooling only the unprotected portion of
the chamber and nozzle is reasonable or possible (Figure 11.6).

Figure 11,6, GRD Chamber Cooling Diagram

M
. | 7mp
oy .
e\
s -
7 %

wigure 11.7. Diagram of GRD Chamber With Afterburning

The 1iquid propellant component can be fed into the chamber not only through
the head of the chamber but also into the region forward of the nozzle,

that is, beyond the charge (Figure 11.7). In this case propellant com-
bustion takes place in two stages. The first stage takes place in the
charge cavity, followed by "afterburning'in the nozzle-adjacent cavity of
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the combustion products formed in the charge cavity, In conformity with this,
the chamber design diagrammed in Figure 11,7 is sometimes called a design
with afterburning,

Henceforth we shall employ the following designation for such a chamber:
mp == per-second consumption of solid propellant component;
My =-- per-second consumption of liquid component;

fige, ~- that part of the per~second liquid component flow enter-
ing the head of the chamber;

th o that portion of the per-second liquid component flow en-
tering the afterburner,

[ . .
My = My, p ~ My o

Total propellant consumption f;lx=t;t,+l;r,.

Propellant consumption relation: K= my/m,.

Just as for ZhRD, specific thrust impulse is determined by the ratio of
components and pressure differential between chamber and nozzle exit:

ly=1(K, &),

Various propellant pairs can be employed in GRD.* Many possible composi-
tions have been proposed., Practically all corresponding components of
propellants used in modern ZhRD can be employed as liquid oxidizers or
fuels. Nitrates or perchlorates of some elements (sodium, potassium,
lithium, etc) or groups (ammonium, hydrazine, nitronium, etec), for example,
can be employed as solid oxidizers, A wide range of substances can be
employed as solid fuels -~ polymeric compounds, rubber, hydrides of metals,
(aluminum, lithium, beryllium), etc [7]. GRD based on a liquid oxidizer
and solid fuel are considered preferable in a number of indices. Such

GRD are sometimes called straight-design motors.

* Employment of two components in a GRD is the most typical. Foreign
sources, however, have contained reports of GRD designs employing a
three-component propellant; two liquid components (oxidizer and liquid
hydrogen, for example) would be fed into the combustion zhamber in
order to improve a motor's energy characteristics.,
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Figure 11,8, Possible Shapes of GRD Propellant Charge Cross Sections

In addition to other factors, the characteristics of a GRD are determined

by the shape and dimensions of the solid component charge. Publicatlons
have discussed employment of charges of various shape. The simplest is

the cylindrical charge with a single cavity (Figure 11,8), A charge of this
shape, however, possesses a relatively small combustion surface and, in
addition, does not ensure (and this may prove to be essential) constancy

of surface during motor operation., Figure 11.8 also shows other possible
charge cavity cross sectional shapes,

The principal characteristics of GRD, just as other types of rocket motors,
are thrust, specific thrust impulse, and duration of operation. With a
given propellant and engine design, these characteristics are determined

by per-second component flow and consumption rates, which in turn are
determined by the degree to which the values of the motor’s numerous design
parameters and operating conditions correspond to the design or rated
values,

The most important factors in this respect, which influence GRD character-
istics, are the following:

deviations from rated values of design parameters of the liquid com-
ponent supply system;

deviations of combustion chamber dimensions, and particularly the
nozzle throat area;

deviations of dimensions (length, cavity cross sections) of the
solid component charge;

deviations of solid component burning rate;
deviations of propellant component temperature,

I'hese factors should be primarily considered in analyzing the static
characteristics of a GRD.

11.2, Propellant Combustion in a Hybrid Rocket Motor
The processes of combustion of a solid-liquid propellant in the conditions

of a GRD chamber are extremely complex and unique., It is the features
precisely of these processes which distinguish hybrid rocket motors to the
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greatest degree from ZhRD and RDTT, In order to evaluate and calculate the
characteristics of a GRD, just as the characteristics of motors operating
on a solid propellant, one must know the relations determining the linear
rate of combustion of the solid propellant component, that is, the rate of
displacement of the combustion front into the charge in a direction per-
pendicular to its surface, These relations are distinguished from those
which are utilized to determine the combustion rate of RDTT propellants,
which is connected with the features of the process of combustion of GRD
propellants and the composition of these propellants. As was noted above,
RDTT propellants contain both fuel and oxidizing elements in a ratio en-
suring at all times independent (without the participation of additional
components) combustion of these propellants. In connection with this, com-
bustion terminates entirely in the layer directly adjacent to the surface
of the charge, Therefore in the majority of cases the state and parametets
of the environment adjacent to the burning surface does not exert sig-
nificant influence on the rate of burning of RDTT propellant., Processes
take place differently under conditions of combustion of a GRD hybrid
propellant., The solid component contains a large surplus of fuel or
oxidizing elements and frequently is incapable of independent combustion,
Requisite for combustion, that is, reactions of oxidation of fuel elements
with release of heat, is contact between the substance of which the solid com-
ponent consists and the substance of the liquid component, Usually this con-
tact and the following oxidation reactions take place in a zone above the
surface of the solid component, This zone is the combustion zone proper.
But in order for steady-state combustion to be maintained, it is essential
that new doses of components continuously enter this zone,

. Figure 11.9. Diagram of Combustion of Hybrid Propellant
Key:

1. Direction of movement of liquid 4. Zone of chemical reactions
component 5. Mixing zone

2, Heat flow 6. Surface of gasification

3. Zone of termination of reac- 7. Zone of solid component
tions and equalization of com~ heating
position
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Figure 11.9 contains a diagram of steady-state couditions of hybrid
propellant., Heat flows from the combustion zone proper to the surface

of the solid component, as a result of which this component becomes

neated., When the surface of the component reaches a certaln temperature,
gasification begins, The process of gasification can take place in a
varying manner, depending on the composition of the solid component, It
can involve melting with subsequent vaporization of a liquid film, sublima-
tion (transition of a solid substance to a gaseous substance without
{ntermediate transformation into a liquid) or pyrolysis (chemical decomposi-
tion with formation of a gaseous substance). Gasification products proceed
from the surface into the combustion zone.

Upon entering the combustion chamber, the liquid component is broken up into
fine droplets by injectors., The droplets are heated and vaporized by the
heat released in the combustion zone, Thus fuel and oxidizer enter
oxidation reactions in gaseous form. These reactions begin at certain

local component ratio values which differ from the average. Then, in the
process of movement by combustion products through the charge cavity toward
the nozzle-adjacent space, these reactions terminate and there occurs
equalization of the composition of the gas mixture to the computed value,
corresponding to the selected propellant ratio.

As follows from what we have stated about the character of combustion af a
hybrid propellant, this combustion constitutes an aggregate of complex
physicochemical processes., It is therefore more correct to apply to the
solid component not the terms "combustion" and "rate of combustion" but
rather the terms "gasification" and "rate of gasification." In addition
one can conclude that the determining factors for rate of gasification are
primarily those factors which influence intensity of delivery of heat to
the surface of the solid component. The rate of gasification should also
be determined by the thermophysical properties of the component proper (for
example, melting and evaporation heat and temperature, heat conductivity,
etc). Heat is transferred to the surface of the solid component from the
cumbustion zone by means of radiation and convection. The process of heat
transfer is highly complex, but the factors which primarily determine its
intensity are obvious. They include the properties (pressure and density)
of the gas flowing over the surface of the solid component, the rate of
gas movement along the surface, as well as temperature in the combustion
zone, which in turn is determined by the composition of the propellant
pair employed.

There have been numerous studies of the processes of combustion of hybrid
nropellant, aimed at establishing relationships for determining the rate

of gasification of the solid component. Most frequently these relations

are in the following form:

= uip} (pv)°A% (11.1)
where Gl —- coefficient taking into account the properties of the propel-

lant component, including their temperature: for a given pair of components
up=uy (T); py, p » vV -~ pressure, density and velocity of gases over the
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surface of the solid components; A =- coefficient taking into account
other properties of the combustlion products; v, B, o ~ coefficients,

Designating uy (T) A%uj (T), we obtain
u =ty (T) p (p0)". (11.2)

Usually for practical needs relation (11,2) is established experimentally.

Coefficients ¥ and 8 and function uy (T) are determined thereby from

experlence, We shall note that if we disregard the influence of velocity

of gas movement on the rate of gasification, that is, if we assume P =0,
_ then relation (11l.2) assumes the form

= (T) o

which corresponds to one of the most common types of solid propellant com-
bustion rate formula, Taking into account that according to the gas flow
continuity equation pw=/F, where h -- per-second gas flow rate through the
section; F -~ cross sectional area, we obtain from formula (11,2)

u;a,pz (-:'.—)’ | (11.9)

From this follows a number of conclusions which are important for analysis
of the operating process in a GRD combustion chamber. Per-second rate of
gas flow through a cross section of the cavity increases with progression
along the charge as a consequence of the generation of additional mass
during gasification of the solid component, Consequently, with utiliza-
tion of a charge initially containing a cavity of constant (lengthwise)
section, the rate of gasification also increases in the direction of gas
movement, which should lead to nonuniform gasification along the charge
and to change from the initial shape of the cavity.

Calculation of GRD static characteristics taking into account change in rate
of gasification along the length of the charge is difficult. At the same
time sufficient accuracy of solution for a number of problems can be ob-
tained by utilizing average rate of gasification, which is defined as the
rate of gasification which produces the same total (along the entire

cavity surface) gas formation as actually occurs, that is, taking into
account change in rate,

Let us determine the average rate for the case of employment of a
cylindrical cavity,

If cavity diameter is D, charge length L, density of the solid component
Py’ then gas formation of the entire charge will be

L
rh,=nDp,5[udl. rae u=u(l). i
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By determination of average rate, gas formation can also be detarmined

in the form .
. My = nDLpup.

Consequently, L
uc,,a-}:J ud, (11.4)

The rate of gasification in the initial cross section of the charge cavity,
where rate of gas flow is equal to liquid component flow rate hy, according
; to relation (11.3), is determined as

Uo =ty py (%’-"-)’.
We shall designate )

J
b . m, . .
v Myt Py
Utilizing these relations from (11.,4), we can obtain [7] the following
expression for average rate:

\J 1
ep =ty T3 (1—P) ( = (11.5)
. r:‘) =1
Or, designating ¥
K(p, §) = l'%\'p u SE—, (11.6)
(=)~
we find that tep = oK (9, B). (L.7)

Following are typical for GRD: g _ 0’3 0,6 $=02 - 0,3.

K (p, §) = L1 ... 1,2 and, consequently, the average rate of gasifica-

tion differs from the least (on entry into the charge cavity) by (10... 20)%.
We must note that in the process of operation of a GRD the propellant charge
in which initially had a constant cavity cross section, there occurs
“equalization" of rates. The further the section from the beginning of

the cavity, the higher the rate in that section and the greater the degree

to which its area grows, which in conformity with (11.3) should cause

a decrease in rate with an increase in time. Therefore the above-established
sorrelation between average and minimum rates of gasification is maximum and
uecreases with continued motor operation,*

* We should draw attention to the fact that cavity shape also changes at the
gsame time -- from cylindrical it becomes conical with a complex profile.
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The basic possibility of one of the methods of GRD control also follows from
formula (11.3)., If a motor employs a combustion chamber with liquid com-
ponent fed both through the chamber head into the charge cavity and into the
nozzle-adjacent space beyond the cavity (see Figure 11,7), obviously unot the
entire flow rate of the liquld component is determining for rate of
gasiflcation, but only that part of the flow which goes through the chamber
ahead. Therefore, altering the distribution of liquid component flow rate
between the two above-stated components, one can affect charge gas forma=-
tion to a certain degree and thus influence such principal motor
characteristics as propellant consumption and composition (ratio of com-
ponents), which in turn determine motor thrust and specific thrust impulse,

The above-noted feature of a GRD with a chamber in which liquid propellant
component is fed not only into the charge cavity but also bypassing it -- into
the nozzle-adjacent space, should be considered when determining the static

- characteristics of a GRD of this design.

11.3. Hybrid Rocket Motor Combustion Chamber Equations

The system of equations describing the relationship between the character-
istics of a hybrid rocket motor under steady-state operating conditions
contains, in the general form, equations of:

combustion chamber;
liquid component supply system equipment;
motor thrust characteristics,

Systems of linearized motor equipment equations, which make it possible to
determine deviations of parameters from their nominal values, can be
utilized to solve the majority of problems pertaining to examination and
determination of the static characteristics of GRD, just as in the case of
solving analogous problems pertaining to ZhRD.

GRD Combustion Chaitber Equations

GRD combustion chamber equations should interrelate deviations in chamber
pressure and fuel component flow and consumption rates with deviations of
the principal factors influencing these parameters, that is, with deviations
of charge dimensions, density of solid component, temperature of the com-—
ponents, etc.

Let us examine a combustion chamber of the most general design, with com—
bustion product afterburning (see Figure 11.7).

We shall designate in addition: Ty and Tp -~ temperatures of the liquid

and solid components; K. -- stoichiometric ratio of rates of component
consumption; & -- excess liquid component ratio; Q= My, My ratio
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of liquid component rate of flow through the head of the combustion chambar
to its total flow rate; R and Ty =-- gas constant and temperature of com=
bustion products on entry into the nozzle; n == polytropic expansion ex=

: ponent; @ . == coeffieient of losses during gas movement through the nozzle.

Operation in the combustion chamber under motor steady-state operating con-
ditlons is described by the following system of relations:

conservation of matter equation:
My =a My~ My, p =}~ My, 4 (11.8)

equation of gas flow rate through the nozzle:

e Deb () uFup 9

equations of flow rate-consumption ratios:
KuaKc,uﬁ&: : (11.10)

we—""f-'-:' (11.11)
J

equation of charge gas formation for a single-cavity grain:

L L B
e [ aDpusidl = [ nDpuipy (2 ) 'l (11.12)
0 0
where fm; -~ gas flow rate in a given section;

M v S 1y << (Mg, ¢ ).

From (11.12) one can obtain
. - - . L,
my = [4°2"P (1 — B uip, LD~} 4 =P =F — . i (11.13)

equation of influence of temperature of propellant components and
the ratio of their flow rates-consumption on parameters of the gas mix-
ture:

RT, = RT, (@, T, T4; : (11.14)

equation of the influence of temperature of the solid component on
the rate of its gasification: uj=uj (Ty).

Concurrently solving equations (11.9), (11.10) and (11.14), linearized

in the environs of nominal conditions, we obtain the first of GRD chamber
equations:
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a:"Opg + a:""bf‘n, + n:"ﬁ;n' + b:"OF" +
o 5280 -t x0T -} 05 ™8T = 0, (11.18)
where dimensionless coefficlenta:®

' . | a_ 0(RTy),
azn_b:-wabzem-n ai"*=.-:%-v—kr-ﬁ’a '

3

§RT! N
RTK a l+K oy

O (RT, T 7 RT\)
+‘7|j' a (R W, ‘*'”"2‘3%‘:"5?7"

R

From equations (11,12) and relation uj=uj (Tp) we ohtain the second GRD
chanber equation (gas formation equation):

a7 "8ty - Gr ™ Ot ¢ - B8Py - be*Bts -
4 B2%8pp - EOL - bPBD - 1 ™8T == 0, (11.16)
where coefficients
at=—1; a™fesl—f(p R) a'r""_vif@' Ry
bl = b0F e bl ——b-f(tp. R)i b2t 1@ Ry
1‘

Ty 0
c -‘ZL-‘)T“"'-] Hf('l’r’R)-

In expressions for coefficients function

e R=0+30[1-(52) 7] aum

From GRD chamber equations (11.15) and (11.16), as s particular case cor-
responding to K=0, &=0 and B =0, one easily obtains solid propellant
thrust chamber equat:ions

* Designations a have been adopted for coefficients with deviations in
operating parameters and process characteristics, b —- for coefficients
with deviations in structural dimensions and characteristics, ¢ -- for
coefficients with deviations in environmental factors affecting the process.

221

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100080028-2

FOR OFFICIAL USE ONLY

. . ‘
: 89y = Bty -+ OF 5+ 890 = - LT 47, w0
— A Ty
vop, 6m,+6u1-l}-6p,+6D+6L+?l!-%7.-:-67‘,—0.

11.4, Equatlons of Liquid Component Supply System Bquipment

(11.18)

These include the following equations: turbinej pumps; turbine gas generator;
pressure accumulator; propellant and gas lines; ete.

One can expect that all these components and elements of a GRD 1liquid
propellant component supply system will be similar to corresponding
equipment of 1liquid-propellant rocket motor supply systems, which should
also be reflected in similarity of the corresponding equations. Transform-
ing previous equations, taking into account this equation of ZhRD equip-
ment, to a form which is more convenient and more frequently utilized for
hybrid motor equipment, we obtain the following equations.

Turbine Equations

As already noted, the most probable in a GRD 1s employment of liquid com=-
ponent supply system open layouts, the turbines of which can operate with
large pressure differentials and in connection with this can be designed

as constant-pressure turbines.

In this case the basic turbine equation which relates deviations in turbine

output with deviations in working medium flow rate and other parameters
fnflucncing output has the form

8N, + & T8y -+ ar T 8(RTY) +
4 BT BF g ook by TOFs, o b =0, (11.19)

where
T
=Y =ty =i di=An af'==l-——"§'-:
[ 4 F 2(1 —n,
oot tfer U
2"1 "a -1

A | pf'*""trc;: 2 (‘71 VI—P, W’al-l‘?)
3 — _—.——-——“ .
' . et oV T—0r €0 @) — Pix - ¥y €08 By By '

B, =V ¢} — 2xq, o5& - x*.
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Pump Equations

Pump equations determine the relationship between deviations in pump out=
put and pressure and various factors affecting these principal pump
parameters:

0™ DDy - €W - 2 e b0y - Pl = 0 (1 1.20)

AN - a8y 1 b 4+ B Ho - Uy -+ o5 Opg e O,
(11.21)

where coefficients

a:"n—b:,.lﬂ-n ar"u-%g-%; 0:“2_-:'3'53

&Mﬂ—%%;#mﬂu—W=—h
m ghy _ 8B,
a”."i'l'*'tla._—-'llf!:'
9By @By, 0w By 1gP.
i =2t~ ph o ot - R

$Hy -- pump manufacturing error as regards pressure (determined during
pump tests under nominal operating conditions),

The quantities controlled in the pump equations and the coefficients of
these equations are linked with experimental pump pressure characteristics
(Figure 11,10) plotted in coordinates M

syl
vhere Qy -- volumetric per-second liquid flow rate and HM == pressure
enerated by the pu .
s Y Fhe pum (Qu = ridoy; H = APJp,)

Points A (on the pressure characteristic curve) and B (on the efficiency
11ne) correspond to nominal condicions,

.

e

Figure 11,10, Pump Pressure Characteristic Curve
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Line Equations

The hydrauliec line equation links deviations in flow rate and line pressure
drop with deviations in density of the 1iquid and dimensions (and shape)
of the hydraulic line:

afMBmy -1 ™8 Apy -k biMOEM - ci0pe =0,  (11.29)

where
A
aanaQ: aupMB—b}rac:{'-l -],

In the line equation we designate with £y a synthesized line resistance co=-
efficient which takes into account all resistances throughout the line,

GRD gas lines should be figured with special equations only in those cases
where pas flow rates and pressure losses in these lines are sufficiently
large, which occurs, for example, in closed-layout motors. Since such
designs are little probable in GRD applications, henceforth gas line equa~-
tions will not be separately considered,

Pressure Accumulator Equations

Pressure accumulator equations should make it possible to determine tank
pressure change,

A gas pressure accumulator equation is written on analogy with the equation
for a ZhRD gas pressure accumulator, in the form

02885 - b2 "8pe. u -+ bP8p, = 0, (11.23)

vhere pg -- pressure in the propellant component tank; p r.4 == initial
pressure in the accumulator tank; Pp ~= pressure at reducer outlet,

The values of coefficients in equation (11.23) can be determined just as
for equation (3.40), which describes the operation of a ZhRD gas pressure
accumulator (see 3.5).

The type of cartridge pressure accumulator equation depends on the operating
mode of the PAD [cartridge pressure accumulator]. If the accumulator is
designed for supercritical gas flow from the chamber, PAD equations are
weitten in the form of an RDTT equation, that is, in the form of equations
(11.18). From these equations one obtains gas flow rate deviation, which
an be utilized for determining deviation in pressure pg with the tank gas
mass state equation.

If pressure in the PAD can be assumed equal to pressure in the tank, PAD
equations are written in the form of (3.41).

And finally, if a hybrid pressure accumulator is employed, its operation is
described by its own system of equations, which makes it possible to determine
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the flow rate and parameters of gas entering the motor tank, This system in=-
cludes chamber equations in the form (11,15) and (11,16), Pressure

change in the tank is connected with change in gas flow rate through an
equation of state,

Turbine Gas Generator Equations

When examining motor characteristics, changes in rate of gas flow into the
turbine and motor efficiency should be obtained from gas generator equa=-
tions,

For a generator operating on a solid-component propellant, the equations
are in the form of PAD equations with supercritical gas flow, that is, the
form (11 . 18) .

Everything stated above for an analogous pressure accumulator applies to a
generator operating on a hybrid propellant,

If a GRD design employs a liqud mowpropellant generacor, hydrogen peroxide, for
example, change ingas flow rate to the turbine is equal to change in
propellant (peroxide) flow rate,

&;’ﬂ‘ =2 6;""|0.'
Equations of peroxide feed into the reactor should be written to determine
lsmHzOz .

Change in gas capability to perform work is caused by changes in peroxide
concentration and temperature, and can be obtained with the relation

8(RT)rr = [ (8Ku,0,0 8Twn,0,)
Equations of Thrust Characteristics

Deviations in motor thrust and specific thrust impulse are obtained from
equations of thrust characteristics. These equations can be borrowed from
ZhRD theory in the form of equations (3.45) and (3.46).

Considering that for GRD, which as a rule have only one propellant pump

and relatively low combustion chamber pressure, required gas flow rate to
the turbine will be substantially less than for a ZhRD of equal thrust,

in these equations one can disregard terms which take into account devia-
tions in thrust and thrust impulse of the turbine exhaust nozzles.* 1In this
instance deviation in thrust is equal to deviation of combustion chamber
ressure.,

* Chapter subsection 1,2 stated that for a ZhRD without afterburning relative

gas flow rate through the turbine exhaust nozzles comprises (2-8)% of total
flow rate. Taking this into account, one can expect that in hybrid motors

this consumption rate will be in the order of 1%, which results in extremely

little influence of change in the thrust characteristics of the turbine ex-

haust nozzles on change in thrust characteristics of the motor as a whole.
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Chapter 12, STATIC CHARACTERISTICS OF HYBRID ROCKET MOTORS

12,1, Influence of External and Internal Factors (Disturbances) on Operating
Parameters of Hybrid Rocket Motors

Just as for liquid or solid propellant rocket motors, GRD operating con=-
ditions depend on quite a number of factors. Determination of deviations of
operation parameters with change in these factors (or, as they say, with
the occurrence of disturbances) constitutes one of the principal tasks of
investigation of motor static characteristics,

In the majority of practical cases this task can be accomplished with utiliza-
tion of a system of static equations of GRD equipment in the small deviations
specified above.

We shall examine two examples of estimate of the influence of various dis-
turbances on the operating conditions (parameters) of a hybrid rocket
motor . *

1, Influence of Disturbances on Operating Conditions of a GRD With a Gas
Pressurization Liquid Propellant Component Supply System

Figure 12,1 contains a diagram of a GRD, This motor employs a combustion
clamber of the most general type, with liquid component being fed both into
the charge cavity and into the nozzle-adjacent space (afterburner). Divi-
sion of the flow of 1iquid component (flow rate thye) into two parts

(fhige,n and hge,q ) takes place at point N. Ignoring pressure losses in the
charge cavity, that is, assuming that pressure in the afterburner is equal
to pressure at the head of the combustion chamber, and designating this
pressure by pg, we determine that pressure drops in the line branches from
' to the afterburner and head of the combustion chamber are equal, that is,

* The material for these examples was borrowed from a book by Ye. B. Volkov,
G. Yu. Mazin, and Yu. A. Shishkin, "Raketnyye dvigateli na kombinirovannom
toplive" [Combined Propellant Rocket Motors], Mashinostroyeniye, 1973,
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PPN

(B0t = (b, = D (12.1)

Figure 12.1. Diagram of GRD With Gas Pressurization Liquid Fuel Component
Supply System

The pressure acammlator, which forces propellant component from the tank,

is designated in Figure 12,1 in general form. In order not to complicate
analysis of GRD characteristics by including in them accumulator characteristcs,
we shall place tank pressure deviation Jps among the disturbing factors
specified for calculating deviations in motor parameters, In this case the
system of equations for the GRD in the diagram will be as follows:

. aRK8p, -+ a8, + a B, - BEPOF, , + 678, = 0;
2. 05", -+ ap'® MOy, + afNp, - BEOL -+ b'bu, +
+ 8%, 4 628D = 0;
3. =4, G Tbrix, ¢ + G B, g = O
4, awx-+a:,’¢-”6 Apg_n + bﬁ?'”égo;_,v + ch8p, = 0,
B. ay® "oy, + ap M by _y + B .ot
+ c:f‘Pu =0;
6. aj™ Ay, 5 a:‘m"‘ﬁ dpy_x + bif"“ y—x. 2+
+ t:f‘dpl =0;

(12.2)
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7. g2 Bpg_y 0. Ny -+ b3S, yOg = O;
8. Nk Aoy + o ABpy -+ aflati, = 0;
0. akoK 4 allvdm, 4. ol ™om,, = 0; (12.2)
10. af¥bl, -+ af oK = 0;
11, alop 4 a6p, = 0.

In system of equations (12,2):

equations (1) and (2) are equations of GRD chamber with component fed
to the head of the chamber and afterburner, written in the form (11,15) and
(11.16);

equation (3) was obtained from relation M = M v -+ M and

is a liquid component flow rate balance equation. In this equation

m m - m -
Mo e |t @ T 20y 0, R | =,
amxa 13 (™ P ™ P
where 5 = I;im.r/!;lm.

equations (4)~(6) are propellant line equations; the first of them
applies to line segment "tank-point N," the second -~ to line segment
"point N-chamber head," and the third -- to segment "point N-afterburner";

equations (7) and (8) are equations of pressure balance on these same
line segments taking into account (12,1); in these equations py —— pressure
at point N; the coefficients comprise:

Aps_ Aoy ) .
a5 =ayt=—1 by = A;G, ;
-

I SN

= . —h
. Aps-N v PN -k

Px '-’K .
a = e
N~k APN-x’

equation (9) was obtained from ratio Kwth,, /it;

k m m,
G =a,"=—a*=];

equations (10) and (11) are equations of thrust characteristics; in

these equations:
I Pr_1. gt = __‘_\{_"’ X
a’Y=a:=—a,"=l. ay = (6 )7¥'
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As 18 evident from system of equations (12,2), operation of a GRD, even of
the extremely simple arrangement taken for analysis, and with a number of
simplifying assumptions (pressure accumulator equations are not considered;
it 18 assumed that there are no pressure changes along the solid propellant
charge cavity, there is no control or adjustment, ete), is deseribed by a
system of equations which is significantly more complex than solid-propellant
motor equations and which approximately corresponds in complexity to a sys-
tem of equations for a ZhRD with a similar propellant supply system.*

System of equations (12,2) is a closed system, which contains 11 unknown
deviations of GRD operating conditions parameters from their nominal

values: . e .
s 8px, Oy, Sy, By, ¢y By, po

Spys 88pg_y, 88py_y 0K, Gly' &P,

The following deviations are examined in this instance as disturbances
which cause change in motor operating conditions:

deviation in dimensions of solld component charge JL, dp, and
coefficient in the law of its rate of gasification Jﬁl;

deviation in size of nozzle throat area and coefficient of losses
J‘}'kp' Qs
deviation in propellant component densities JPT' Je*;

- deviation in tank pressure trpc , due to error in accumulator
operation or change in G-loals acting on the liquid component during rocket
flight;

deviation in coefficients of hydraulic losses in the liquid com-

onent supply lines
? PP 885N 8Bk SEv.ka

The values of the coefficients in the equations of system (12,2) are deter-
mined primarily by the values of the following dimensionless coefficients,
indices and ratios specified for rated (nominal) motor operating conditions:

Rp v, p. Ev ?—6 Tpx__ .
APd—N, APN_k

* The system of equations for a ZhRD with a gas pressurization propellant
supply system would be more complex than system (12.2) by inclusion of
additional equations which describe operation of the feed line for the
second liquid component, but on the other hand it would be distinguished by
greater simplicity of combustion chamber equations,
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In addition, the values of some coecfficients are determined by the value
of derivative functions RTy (Tay, Tp) and I, (K) at points corresponding
to nominal GRD operating conditions.

Solution of system (12.2) with preselected values of parameters of nominal
operating conditions and adopted disturbance values makes it possible to
determine all deviations of motor characteristics., As an illustration, Table
12.1 contains the results of calculation of coefficients of influence of
varlous disturbances on principal GRD parameters.*

- Table 12.1.
» 1 ) 2 KoshdHUHEHTH BANRHHR AAR Napamerpos
no n'op. Bosuywenus N
8, Om g om, 3K a1,

1 6Fxp ~0,410 | -+0,630 | 40,394 | 0,236 | —0,047 '
2 8 —0,410 | 0,630 | 40,394 | 40,236 | —0,047 .
3 Suy 40,073 | ~0,113 | 41,000 | —1,113 | —0,222

4 40,073 | —0,113 { 41,000 | —1,113 | —0,222

5 8L -+0,073 | —0,113 | 41,000 | —1,113 | 0,222 i
6 8D ~-0,22 | 40,034 | —0,300 | 40,334 | ~0,067 .
7 8px +0,192 { 40,205 | 40,128 | 40,077 | —0,016

8 Ggg -+0,782 | 40,835 | 40,622 | 40,313 | —0,062

9 B8%s.Nn —0,044 | —0,048 | —0,030 } —0,018 | —0,004 ;
10 SEN-x. 2 —0,025 | —0,038 | -+0,039 | —0,077 | —0,015

11 SEN-x. 1 —0,122 { —0,119 | —0,137 | 40,018 | —0,004

Key:
1, Disturbances 2. Coefficients of influence for

parameters

* Coefficient of influence is defined as a number which indicates the
magnitude of motor parameter deviation caused by a single disturbance, that

is quantity Px/8F xp: Sm/OFp , etc.
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For calculations we have assumed

Pe=m40.10%Ta; R 8 P=068 vmO; §=08;
8Py =310 Tla; Apy_, = 10:10% Ma;

ol d(RTW) _, 9(RTw) _ O(RTW) _ o
%'&ﬁ"’“""—‘aﬁ“'ﬁ;& T =0

In calculating deviations in specific thrust impulse drIy it was assumed that
a deviation in the coefficient of ratio of components K in either direction
from nominal value results in an impulse decrease; this is equivalent to

the assumption that nominal conditions correspond to maximum value Iy.

The calculation results contained in Table 12,1 enable one to draw certain
conclusions on the characteristics of a GRD laid out as specified,

An increase in nozzle throat area causes, just as in an RDTT, a decrease in
chamber pressure, but to a lesser degree, which is due to an increase in
liquid component flow rate with a decrease Pks» that is, the presence of an
additional factor opposing change in chamber pressure.

In the cited example gas formation of the charge also Increases together
with an increase in the rate of consumption of the liquid propellant com-
ponent. This oceurs because we have adopted a law of gasification whereby
the rate of gas formation is independent of pressure (¥ =0) and at the
same time depends significantly on liquid component flow rate (B =0.65),

An increase in charge length, density of the solid component, or its rate
of gasification (coefficient u1) leads to one and the same consequences:
the rat2 of cénsumption of the solid component increases, which leads in
turn tiy increased combustion chamber pressure and, as a consequence, to a
certails decrease in 1iquid component flow into the chamber, Differing-
-8ign changes in consumption of propellant components produce significant
change in the coefficient of consumption ratio and corresponding change in
specific thrust impulse.

Deviation in charge cavity diameter differently affects motor parameters.
An increase in diameter causes a reduced rate of gasification which is more
appreciable than the increase in gas formation surface, and therefore solid

component consumption decreases. This results in a combustion chamber
pressure drop, but to a lesser degree than decrease in charge gas formation,
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An increase in tank pressure quite appreciably affects motor parameters.
It causes an increase in liquid component flow rate, which leads to in-
creased charge gas formation and combustion chamber pressure,

Changes in the coefficlents of line hydraulic resistances produce in most
cases opposite-sign changes in all operation parameters. An exceptionis
the case of change in hydraulic resistance in the line through which

liquid component is fed to the afterburner, With an increase in this
resistance there can be an increase (that is, a like-sign change) in charge
gas formation. This 1s due to the fact that in this case, in spite of a
decrease in overall liquid component flow rate (Jﬁ,(O), its flow into the
charge cavity may increase, which leuds to an increase in the solid com=
ponent gasification rate. This feature of a GRD of the design under dis-
cugsion can be utilized to perform motor tuning and adjustment.

2, Maximum Burning Time

It follows from Table 12.1 that consumption of GRD propellant components

is determined by the density of the liquid component. A density increase

by 1% in our illustration produces an increase in the mass consumption of

both components: liquid by approximately 0.2%, and solid by 0.13%, The density
of the liquid component is determined by its temperature, and therefore
propellant component consumptions are dependent on temperature. This

produces change in other motor parameters, including maximum burning time.

We shall designate with Mr and My, masses of solid and liquid propellant
components in a motor prior to ignition (mass of the solid component

charge and mass of liquid propellant on board). Component burnup time with
consumption rates iy, and ﬁT will be

M. and

"rﬂ"m"_' Tm=&,
My

and their deviations with consumption deviations

81, = 8M, —8my 81, =OM, — bm,.
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An analysis of the influence of various factors on engine burning time can
be performed on the basis of these relations.

In the case we are examining, that is, when only the temperature of the
1liquid compopent can change (in the process of motor storage),

M, =M, =0
and  Br,=—8my Br=— 8m,.

With an increase in the temperature of the liquid component, its density
decreases, as do mass flow and consumption rates, in conformity with Table
12.1. Consequently, a temperature increase increases component consump-
tion time, and the increase is more rapid for the liquid component (0.2%)
than for the solid (0.13%). Change in maximum motor burning time for our
example is illustrated in Figure 12,2,

v 1
ML INGE NONRONENIT
- 2

f ;;7’ Taepdna, NommoNERm

T

Figure 12,2, Relationship Between GRD Propellant Component Consumption .
Time and Temperature of the Liquid Component

Key:
1. Liquid component 2, Solid component

If the motor is designed to operate at a temperature T=T it is natural to
assume that for this temperature: .g,=71,.

When ‘TZT%>£' and when T &7 e <%r

Under these conditions liquid component consumption time will be the time
limiting normal (with utilization of both components) motor operation at
temperaturesg below the rated figures, while at temperatures above the
rated figure it will be charge consumption time.

3., Influence of Disturbances on Operating Conditions of a GRD With a
Pumped Liquid Component Supply System

As an example we have specified deviations in the operating parameters of
an open-arrangement GRD with a hybrid propellant turbine gas generator
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(Figure 12,3). Motor control capability is not figured in., Liquid com=-

ponent flow from the tank through the pump (thy) at point 2 is distributed
fnto the following components: flow to the gas generator fhag ppeand flow to
the combustion chamber thy . At point 1 flow thy in turn divides into two
flows == to the chamber head hye and to the afterburner tag, n « As inthe
preceding example, it is assumed that pressure remains unchanged along the
length of the charge cavity, that is,

Bpx-x.r e APy ™= Api-e

Figure 12,3. Diagram of GRD With a Pumped Liquid Propellant Component
Supply System

Key:
1. Point of division of flow of 2, Takeoff point where liquid
liquid component to com- component is fed to gas
bustion chamber generator

Table 12.2 contains the results of calculation of coefficients of in-
fluence of various disturbances on the principal parameters of the
motor under discussion,

For calculations we have assumed the following:

- Po=100.10% ITa; p, = 70.10* ITa; pg=5,5.10° Ia;
APgy=10,5:108T1a; Apy_y = 20.10°a; Ap,_, = 10-10* [a;
K =5; Kir=40; @, =0,97; v=20; ¢ =0,8; p = 0,65; A, = 0,75;

g Wh _ o R Oy _
B~ — 025 gt =0 < T =02
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Table 12.2,

1 2 KOMOHUMERTM BAKANHR

nodep By o, | om, | oh, | oK o
; i e 0 4 IS o 4 1
3 I 178 | 10'003 | 1,066 | —1,063 | —0.212
3 o 0,003 | 1,068 | —1,083 | ~0,212
4 6"| .178 A ) 3 _0212

5 0,178 | 0,003 | 1,066 | =1, X
8 '083 | —0,001 | —0,321 | 40,20 | —0,084
7 0,100 | +0,118 | 0,067 | 0,041 | —0,008
] fol | g o tom | e
: 8'«')?3 0017 | 40,011 | +0,006 | —0.001
}? 0,016 | 40,017 | +0,011 | 0,006 | ~0,001
12 0,016 | 40,017 | 40,011 _g%g -g00i
s o -323 -o'ggg —0,136 | —0,027
T 4'335 1,084 | 0685 | +0,409 | —0,082
ig i'{:gzs iliou 0,686 | 0,409 | —0,082
i Hg | 1o\ Th | el | ~dou
1o _o‘olg —0/012 | —0,008 | —0,004 | —0,001

58 ) +0.002 | +0,001 | 0,001 | ©
21 —0010 | +0.001 | —0.062 | +0.062 | —0,012
% +°'?2§ —g 166 '_*;88},3 4'8&% :8'8?2

_ol £ ’ L) 1
3% Foo74 | +1.041 | +065 | +0,3%0 | —0,078

Key:
1, Disturbances 2, Coefficients of influence

The reaction of a GRD with liquid component pumped supply to the effect of
various disturbances differs from that which occurred in a motor with a
gas pressurization system, For example, change in nozzle throat area in a
GRD with a pump system produces practically the same combustion chamber
pressure change, while in the preceding example the corresponding in~
fluence factor was only 0.41, In a motor with a pump supply system com
ponent consumption rates change little, while they increased quite ap-
preciably for a motor with a gas pressurization system. These differences
are connected with the fact that combustion chamber pressure changes in
the motor arrangements we have examined differently influence the liquid
component consumption rate -- in the first of the arrangements being com-
pared this influence was significantly greater. For this same reason one
also observes a difference in the reaction of motors to identical changes
in a number of other factors, such as the dimensions of the solid propellant
charge in the thrust chamber and coefficient u] for this charge.

For GRD with a pumped supply system the influence of tank pressure change
on motor parameters is much less than for a motor with a gas pressuriza-
tion system, since in this case this pressure is of itself small and plays

a minor role in producing the overall pressure which determines the flow
rate of the liquid component,
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Changes 1in densities of the propellant components exert qualitatively
{dentical influences on the operating parameters of motors of both types,
although quantitatively the coefficients of influence differ.

Influences which are characteristic only of GRD with a liquid component
pumped supply system include deviations in characteristics and dimensions
of turbine, pump, gas generator and hydraulic line which feeds liquid com-
ponent to the generator (numbers 7-16, 19 in Table 12,2), Motor pavameters
are most strongly influenced by deviations in pump and turbine efficiency.
Changes in efficiency produce changes in output expended on pumping liquid
component, which produces a change in rate of flow, and as a consequence
also in all other motor operation parameters.

One's attention 1s drawn by the relatively little influence on motor
parameters by changes in the dimensions of the gas generator solid com-
ponent charge. This feature of the motor under discussion is connected
with the fact that consumption of solid component in the gas generator com-
prises a very small part of total gas consumed on the turbine

-l 40.

Among deviations in coefficients of hydraulic resistances, the greatest
{nfluence on motor operation parameters is exerted by deviation in the
coefficient of resistance of the line through which liquid component

is fed to the gas generator. An increase in this resistance leads to a
decrease in flow of gas into the turbine, a decrease in turbine output and,
as a consequence, decreased propellant component flow and consumption rate
as well as combustion chamber pressure.

Deviations in flow and consumption rates of liquid and solid components
depend on the density of the liquid component unequally. Therefore in the
given GRD arrangement change in temperature of the liquid component may
lcad to burnup of the propellant components at different times,

Nonsimultaneous burnup of the propellant components can also occur in the
remaining cases, where under the influence of any disturbances there occur
appreciable deviations in the coefficient of ratio of consumption rates
with constant charge mass. As is evident from Table 12.2, such values of
8K occur under the effect of deviations 6uj, Spp, Sny, dént, etc.

The existence of substantial deviations in the coefficient of consumption
‘ate ratios is also undesirable because it causes a reduction in specific
thrust impulse.

12,2. Tuning and Adjustment of a Hybrid Rocket Motor

General statement of the problem of tuning and adjusting a GRD does not
differ from its statement as applied to liquid or solid-propellant rocket
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motors. Control devices can be utilized to correct some deviations of
motor operating conditions from the rated figures, But aven for control=-
lable motors {t is extremely desirable to reduce the variance in parametera
which would oceur without control, This is connected with the fact that
introduction of a control system complicates a motor, as well as the fact
that control cannot eliminate all harmful deviations of motor character=
istics and is easier to effect with less variance in characteristics, In
connection with this it is always desirable to reduce to a minimum variance
in principal motor parameters, which iz also the principal objective of
motor tuning and adjustment, Depending on the function, design features
and conditions of employment of a GRD, tuning and adjustment can have the
purpose of minimizing the spread of various parameters, They include

first and foremost the coefficient of ratio of propellant component con=
sumption rates, Deviations in this parameter not only reduce specific
thrust impulse but also lead, as was indicated above, to nonsimultaneous
exhaustion of the propellant components, that is, essentially lead to a
decrease in the quantity of propellant which can be productively utilized,

Combustion chamber pressure is a second parameter a decreased gspread of
which can be achieved by tuning and adjustment, If tuning also minimizes
variances in the coefficient of propellant consumption rate ratio and com-
bustion chamber pressure, this is also achieved by decreasing variance in
thrust, which is simultaneously dependent on combustion chamber pressure

(propellant consumption) and specific impulse (ratio of propellant com=
ponents),

For a GRD with a pumped 1iquid component supply system and a two-component
gas generator, on analogy with a ZhRD, it is highly desirable to reduce the
variance in the coefficient of propellant component consumption rate ratio
in the gas generator, Deviations in this coefficient from the rated value
not only change turbine output but can also have an adverse effect on
operating conditions of the gas generator proper, and particularly the
turbine blades.

d’ﬁ,

/

Tn

dgﬂf.

Figure 12,4, Relations for GRD Tuning and Adjustment

Deviations in characteristics of various motor components can be selected
as influences with the aid of which tuning and adjustment is performed,
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depending on the motor design, It is important that thase deviations can
be adjusted falrly casily and precisely during tuning and that the coef-
flelonts of thetr tnfluence on the target motor parameters possess the
requinite magnitude.

A system of GRD static equations of the type presented above is adopted

as the basis of tuning calculations. The system is solved relative to
quantities adopted as the influences adjusted in the tuning process. Then
one introduces into this solution the values of those disturbances which
ghould be compensated for during tuning, and then one figures the requisite
values of the controlled influences.

Let us consider 18 an example tuning and adjustment of a GRD with a gas
pressurization 1iquid component supply system, a diagram of which is con-
tained in Figure 12,1, We shall adopt as tuning and adjustment tasks
elimination of deviations of combustion chamber pressure and coefficient
of propellant component ratio, that is, we shall state that as a result
of tuning and adjustment we should achieve the following: &pk= SK=0,

Since motor tuning and adjustment should be performed on two parameters,
it is also necessary to have two influencing characteristics. Let us
adopt as such characteristics deviation in tank pressure and deviationin
hydraulic resistance on the line through which the 1iquid component is
fed to the combustion chamber head, that is, deviations dpg and dginy.p
As 1s evident from Table 12,2, precisely these influences have relatively
large coefficients of influence on principal motor parameters, and at the
same time they can be easily achieved from an engineering standpoint.

Assuming in system (12,1) 6py=0; 6K=0 and considering dp¢ and SEN.
unknown, we obtain a system of 19 equations with an equal number of un-
knowns. 1In order to solve the system, the values of those deviations of
external and internal factors which must be compensated for as a result
of tuning and adjustment should be prespecified. Just as when applied to
2 LhRD, the problem can be solved either with utflization of statistical
data or with employment of the results of tests on individual motor com-
ponents, For GRD which are designed to be employed under different tem-
perature conditions, tuning and adjustment can be performed in two stages.

Deviations in design parameters and characteristics of solid propellant

charge .(anm_aun SENara , etc) are established at the plant where
the motor is manufactured, These quantities are put into the system of
rquations and, solving this system, one obtains

896 = Iy (8p) = fog (Tl | (12.3)

8 Aty—r = [t (8pm) = [1 (Tw).
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These relations determine the values of the parameters of tuning and ad-
Justment in the function of liquid component temperature with those
deviations of other disturbances which occur in the given motor (Figure
12,4), 1If the component temperature prior to motor ignition is known,

then determining from (12,3) the requisite values for tank pressure (reducer
adjustment) and hydraulic losses (adjustment of controllable hydraulic
reslutance), one can also reduce to a minimum deviations in the coef=
ficlent of component consumption rate ratio and combustion chamber pressure
and, together with these, as indicated above, motor thrust as well,
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